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Preface 


The 12-lead surface electrocardiogram (ECG) is the best 
technique to record the electrical activity of the heart and 
although it initially had a diagnostic value only, it has 
been demonstrated in recent years that it has very impor- 
tant clinical implications that are very useful for risk 
stratification as well as choosing the best management of 
different heart diseases. 

In this book we encompass all this new clinical knowl- 
edge of the ECG with the aim of producing a clear text 
that is easy to understand for clinicians and trainees. 

The first part is a review of the electrical activity of the 
heart, the history of electrocardiography, and its useful- 
ness and limitations. 

In the second and third parts we discuss the origins 
of normal ECG patterns and the changes that various 
heart diseases produce in ECG morphology. This 
includes the ECG patterns produced by atrial abnormali- 
ties, ventricular enlargement, ventricular blocks, pre- 
excitation, ischemia, and necrosis. In all these situations 
we identify the most important clinical implications 
derived from these diagnoses. With regard to normal 
and abnormal ECG patterns, we have attempted to 
reflect our conviction that ECG patterns should not be 
memorized, but rather understood in terms of how they 
are originated. The best way to demonstrate this is a 
deductive approach based on electrocardiographic—vec- 
torcardiographic correlations. However, when we under- 
stand this correlation it is no longer necessary to record 
VCG loops in order to improve on the information given 
by the ECG curves. 

Part 4 deals with the ECG diagnosis of arrhythmias 
based on the changes produced by various arrhythmias in 
the surface ECG. A deductive approach is again the best 
way to diagnose arrhythmias. We briefly discuss the most 
important clinical implications of various arrhythmias. 
For further information, the reader should consult our 
book Clinical Arrhythmology (Wiley-Blackwell 2011), from 
which we have taken some of the ECG figures. 

Part 5 of the book deals with the clinical usefulness of 
electrocardiography. Here we explain the diagnostic 
value of different ECG alterations, the ECG changes in 
different heart diseases and situations, the ECG as a 
marker of poor prognosis, and finally the limitations of 


the surface ECG. We also provide an overview of other 
ECG techniques that we use to complement the diagnostic 
capacity of the 12-lead surface ECG. 

After this preface, we provide a list of recommended 
reading which will help the reader to better understand 
the concepts discussed here. This list includes the classical 
works that have greatly influenced me personally, in 
addition to more recent books that provide new 
knowledge in all aspects of electrocardiology. After each 
chapter there are also expanded references on the topics 
discussed. 

Finally, this edition has an important innovation for 
me. Although I have written the book alone, I have incor- 
porated contributions from A. Bayés-Genis, R. Brugada, 
M. Fiol, and W. Zareba. They have completed and 
reviewed different sections. These doctors began as my 
fellows and collaborators and for the last 20 years have 
excelled in different fields of cardiology that are very 
much related to the ECG. Their most valuable contribu- 
tion throughout the years has been to inspire me to 
seach for new ideas in the field of electrocardiology. We 
have built a team that has adopted a similar philosophy 
while adding new input and flavor to future editions 
of the book. Iam very much indebted to them for having 
accepted this task. 

My gratitude also goes out to other specific collab- 
orators including D. Goldwasser, J. Garcia Niebla, 
I. Cygankiewicz, A. Perez Riera, T. Martinez Rubio, 
M. Subirana, J. Guindo, V. de Porta, X. Vifiolas, and 
J. Riba, among many others. My sincerest thanks to 
Professor E. Braunwald from United States who has been 
the greatest pioneer and master in so many fields of 
Clinical Cardiology, and to Professor M. Elizari from 
Argentina, who also excels for his mastership in experi- 
mental and clinical electrophysiology, both of whom have 
been masters and friends and who have very generously 
written the forewords. 

The front cover illustrates the changes in the ECG 
recording of acute STEMI (see Figure 20.3) over the past 
40 years. Underneath is the sillohuette of the “Sagrada 
Familia” temple, “thrillering” arrhythmia (figure in itself), 
which still astonishes me every day as I make my way to 
work at my beloved Sant Pau Hospital in Barcelona. 


vii 


viii Preface 


I would also like to extend my thanks to Montse Sauri 
for her secretarial assistance, which she performed excel- 
lently and as usual, with a smile on her face. 

Finally I thank my family, especially my wife Maria 
Clara, who has supported me patiently and lovingly 
during so many hours of hard work in the last two years. 

Now some words to my readers: do not be intimidated 
by the challenges of the first chapter. I hope that if you 


delve inside the book it will engage you like a passionate 
novel. Finally, my sincerest thanks to Mr T. Hartman from 
Wiley-Blackwell for his confidence in this project and also 
to Cathryn Gates and Britto Fleming Joe for their excellent 
work and patience during the long process to publish 
their book. 


Antoni Bayés de Luna 


Foreword 


By Dr Eugene Braunwald 


Cardiovascular disease remains the leading cause of 
mortality and serious illness in the industrialized world. 
Efforts to improve cardiovascular diagnosis and therapy 
have never been more vigorous. However, despite the 
development, sophistication, and improvement of a 
variety of imaging techniques in cardiovascular diagnosis, 
the electrocardiogram is still the most widely employed 
laboratory examination of the patient with known or 
suspected heart disease. To aid in electrocardiographic 
interpretation, Professor Bayés de Luna has authored this 
magnificent fourth edition of Clinical Electrocardiography: 
A Textbook. This volume, which builds upon its important 
first three editions, will be enormously helpful to clinical 
cardiologists, to internists responsible for the manage- 
ment of patients with heart disease, and to cardiology 
fellows. In the final analysis, the principal beneficiary of 
this excellent book will be the patient with established or 
suspected cardiovascular disease. 

The author, Professor Bayés de Luna, is a master cardi- 
ologist who is the most eminent electrocardiographer in 
the world today. As a clinician, he views the electrocardio- 
gram as the means to an end — the evaluation of the patient 
with known or suspected heart disease — rather than as an 
end in itself. In accordance with this goal, the underlying 
theme is to describe the clinical implications of electrocar- 
diographic findings. The core of this text is in parts 4 and 
5 on clinical arrhythmias and other cardiac conditions 
in which the electrocardiogram remains the principal 
diagnostic tool. The electrocardiogram is especially 
important in the recognition and localization of acute 
myocardial infarction, and this new edition provides 


important help with this. It is in these parts of the book in 
which the enormous clinical experience of the author 
shines through, since it demonstrates how this very 
experienced clinician utilizes the electrocardiogram in 
conjunction with the clinical profile and other diagnostic 
techniques in clinical evaluation. 

Professor Bayés de Luna has personally contributed to 
many important areas of clinical electrocardiography, 
including the description of the interesting syndrome of 
interatrial block with supraventricular arrhythmia and 
he has clarified our understanding and recognition of 
intra-ventricular block. He has shown how Holter 
recordings may be used to define patients at high risk of 
cardiac arrhythmias. These subjects receive appropriate 
attention. 

Clinical Electrocardiography is eminently readable and 
successfully takes a middle course between the many 
brief manuals of electrocardiography which emphasize 
simple electrocardiographic pattern recognition, and the 
lengthy tomes which can be understood only by those 
with a detailed background in electrophysiology. In an 
era of multi-authored texts which are often disjointed and 
present information that is repetitive and sometimes even 
contradictory, it is refreshing to have a body of informa- 
tion which speaks with a single authoritative, respected 
voice. Clinical Electrocardiography is such a book. 


Eugene Braunwald, MD 
Harvard Medical School 
Boston, MA, USA 
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Foreword 


By Dr Marcelo Elizari 


It was an unexpected and pleasant surprise to be invited 
by Professor Antoni Bayés de Luna to write the 
introductory words for the fourth edition of his book on 
clinical electrocardiography. Reviewing the foreword to 
the previous editions makes it clear that the passage of 
time has not undermined the conviction of the comments 
and considerations expressed by those who were also 
awarded the honor to write the forewords to the Spanish 
and English versions of Antonio’s previous books. 

The greatest impact on the field of electrocardiography 
came in 1903 with Einthoven’s introduction of the string 
galvanometer. Thereafter, under the influence of Lewis 
and Mackenzie in London and of Wenckebach and 
Rothberger in Vienna, the electrocardiogram emerged to 
provide a valuable tool in the comprehension and 
clarification of cardiac arrhythmias. However, following 
the introduction and development of the clinical use of 
the chest leads by Wilson began a new era of great 
progress in electrocardiography allowing the interpreta- 
tion of the contour changes of the electrocardiogram for 
the diagnosis of physiologic and/or structural abnormali- 
ties of the heart under the whole spectrum of cardiac 
pathology. Thus, today the electrocardiogram may finally 
establish a correlation between the damage and the image. 

This new edition of clinical electrocardiography will 
immerse physicians and students in the underlying prin- 
ciples and established facts of electrocardiography in a 
simple and concise way focusing on those aspects of 
immediate practical application. In fact, the book pro- 
vides enough theoretical and practical background to 
make the reader coherently acquainted with the reason- 
ing involved in electrocardiographic interpretation. 
Antoni Bayés de Luna, in single authorship, has 
undertaken the challenge of bringing together the basic 
sciences, the clinical and pathologic knowledge, the elec- 
trocardiologic techniques, the hemodynamic findings and 
the application of nuclear medicine and nuclear magnetic 


resonance to a more refined judgment of the electrocardio- 
gram. Hence, the electrocardiographic tracings analyzed 
with all this information are extensively and easily 
understood in a better and more accurate manner. For all 
these reasons, Bayés de Luna’s book is worth the highest 
merit since the reader will not only learn clinical 
electrocardiography but will also learn to interpret and 
apply it ona scientific basis. Moreover, Professor Bayés de 
Luna has not limited himself to reproduce the works of 
others already presented in the literature but has also 
made original contributions to many subjects of the book. 

As acardiologist, Professor Bayés de Luna has occupied 
the most important seats of honour in the world cardiol- 
ogy and has been a pioneer in the field. Notwithstanding, 
he is, above all, a superb teacher and astute researcher 
with untiring devotion to the cause of electrocardiogra- 
phy and arrhythmias. Electrocardiography continues to 
be an inexpensive, simple and highly reliable diagnostic 
tool for the cardiologist and this well planned book 
revives it and enhances the quality of its application. 
Since there exist numerous texts, monographs and manu- 
als on electrocardiography, what is then the reason for yet 
another book? The answer is very simple: there is always 
place for a good book and the need for a magisterial one 
framing the scientific and technologic advances within 
the clinical practice. 

Sir William Osler one said: “To study medicine without 
books is to sail an uncharted sea: whilst to study medicine 
only from books is not to go to sea at all.” 

This book has been conceived from a clinician’s 
perspective and offers a balanced approach of great value 
for students, residents and practitioners and it undoubt- 
edly deserves to be in every personal and public library. 


Marcelo Elizari, MD 
Head, Cardiology Service 
Hospital Ramos Mejia, Buenos Aires, Argentina 
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Short axis (transverse) Vertical long axis Horizontal long axis 
(sagittal-like) 


Plate 1 The three heart planes used by nuclear medicine experts (and other imaging techniques) to transect the heart: (1) the short-axis 
(transverse) view, (2), the vertical long-axis view (VLA) (oblique sagittal-like)and (3) the horizontal long-axis (HLA) view. 
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Plate 2 (A) Normal scanner multislice showing normal LAD and LCX arteries. The latter is partially covered by the left appendix. The 
arrow points to the LAD. (B) Normal case: showing a normal dominant RCA. 
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Basal ECG Exercise ECG 


Plate 3 Patient with atypical precordial pain and a clearly positive exercise test (marked ST-segment depression) without pain during the 
test. The SPECT test was normal (see homogeneous uptake in red), as well as coronary angiography. It is a clear example of a false-positive 
exercise test. 
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Plate 4 ECG with superoanterior hemiblock (SAH) and mild ST/T abnormalities. The patient presented with various myocardial 


infarctions—septal, anterior, and lateral—detected by contrast-enhanced cardiovascular magnetic resonance (CE-CMR) that masked 
each other. 


Plate 5 Rupture of inferior wall in a patient after 7 days of inferior myocardial infarction (MI) due to LCX occlusion. See the echocardiog- 
raphy showing large hematic pericardial effusion and the pathological aspect of the rupture. In spite of that, the ECG shows relatively 


small ECG changes (mild ST segment elevation in I and VL and mirror image of ST segment depression in V1-V3 that remains after a 
week of MI). 


Chapter 1 


The Electrical Activity of the Heart 


Basic concepts 


The heart is a pump that sends blood to every organ in 
the human body. This is carried out through an electrical 
stimulus that originates in the sinus node and is transmit- 
ted through the specific conduction system (SCS) to 
contractile cells. 

During the rest period, myocardial cells present an equi- 
librium between the positive electrical charges outside 
and the negative charges inside. When they receive the 
stimulus propagated from the sinus node, the activation 
process of these cells starts. The activation of myocardial 
cells is an electro-ionic mechanism (as explained in detail 
in Chapter 5) that involves two successive processes: 
depolarization, or loss of external positive charges that 
are substituted by negative ones, and repolarization, 
which represents the recovery of external positive charges. 

The process of depolarization in a contractile myocar- 
dial cell starts with the formation of a depolarization 
dipole comprising a pair of charges (—+) that advance 
through the surface cell like a wave in the sea, leaving 
behind a wave of negativity (Figure 1.1A). When the 
entire cell is depolarized (externally negative), a new 
dipole starting in the same place is formed. This is 
known as a dipole of repolarization (+—). The process of 
repolarization, whereby the entire cell surface is supplied 
with positive charges, is then initiated (Figure 1.1B). 

The expression of the dipoles is a vector that has its 
head in the positive charge and tail in the negative one. 
An electrode facing the head of the vector records positiv- 
ity (+), whereas when it faces the tail it records negativity 
(—) (Figures 1.1-1.3; see also Figures 5.24, 5.25, and 5.28). 
The deflection originating with the depolarization process 
is quicker because the process of depolarization is an 
active one (abrupt entry of Na ions, and later Ca) and 
the process of repolarization is much slower (exit of K) 
(see Chapter 5, Transmembrane action potential). 

If what happens in one contractile cell is extrapolated 
to the left ventricle as the expression of all myocardium, 


we will see that the repolarization process in this case 
starts in the opposite place to that of depolarization. This 
explains why the repolarization of a single contractile cell 
is represented by a negative wave, whereas the repolari- 
zation of the left ventricle expressing the human electro- 
cardiogram (ECG) is represented by a positive wave 
(Figure 5.28) (see Chapter 5, from cellular electrogram to 
human ECG). 


How can we record the electrical 
activity of the heart? 


There are various methods used to record the electrical 
activity of the heart. The best known method, the one we 
examine in this book, is electrocardiography. An alter- 
native method, rarely used in clinical practice today but 
very useful in understanding ECG curves and therefore 
helpful in learning about ECGs, is vectorcardiography. 

The latter and other methods will be briefly dis- 
cussed in Chapter 25. These include, among others, 
body mapping, late potentials, and esophageal and 
intracavitary electrocardiography. In addition, normal 
ECGs can be recorded during exercise and in long 
recordings (ECG monitoring and Holter technology). 
For more information about different techniques see 
Chapter 3, The Future of Electrocardiography or consult 
our book Clinical Arrhythmology (Bayés de Luna 2011), 
and other ECG reference books (Macfarlane and Lawrie 
1989; Wagner 2001; Gertsch 2004; Surawicz et al. 2008) 
(see page X). 


What is the surface ECG? 


The ECG is the standard technique used for recording the 
electrical activity of the heart. We can record the process 
of depolarization and repolarization through recording 
electrodes (leads) located in various places. 
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The depolarization process of the heart, atria and ven- 
tricles (see Chapter 5 and Figures 5.16 and 5.18) starts 
with the formation of a dipole of depolarization (—+), 
which has a vectorial expression (——~) that advances 
through the surface of the myocardium and seeds the 
entire surface of the myocardial cells with negative 
charges. A recording electrode facing the head of the vec- 
tor records positivity (Figure 1.2). Later, the repolariza- 
tion process starts with the formation of a repolarization 
dipole (+—), which also has a vectorial expression. During 
this process the positive charges of the outside surface of 
the cells are restored. 

These two processes relate to specific characteristics 
of the atria and ventricles (Figure 1.2). The process of 
atrial depolarization, when recorded on the surface of the 
body in an area close to the left ventricle (Figure 1.2), 
presents as a small positive wave called the P wave (^). 
This is the expression of the atrial depolarization dipole 


Figure 1.2 The origin of P, QRS, and 
T deflections. When an electrode faces 
the head (+) of a vector of depolariza- 
tion (P, QRS) or repolarization (T), it 
records positivity. When an electrode 
faces the tail of a vector (—), it records 
negativity. Atrial repolarization is 
hidden in the QRS (shadow area) 

(see text and Chapter 5). 


(vector). The process of ventricular depolarization, 
which occurs later when the stimulus arrives at the 
ventricles, usually presents as three deflections (||), known 
as the ORS complex, caused by the formation of three con- 
secutive dipoles (vectors). The first vector appears as a 
small and negative deflection because it represents the 
depolarization of a small area in the septum and is usu- 
ally directed upwards and to the right and recorded from 
the left ventricle as a small negative deflection (“q”). Next, 
a second important and positive vector is formed, repre- 
senting the R wave. This is the expression of depolariza- 
tion in most of the left ventricular mass. The head of this 
vector faces the recording electrode. Finally, there is a 
third small vector of ventricular depolarization that depo- 
larizes the upper part of the septum and right ventricle. It 
is directed upwards and to the right and is recorded by 
the recording electrode in the left ventricle zone as a small 
negative wave (“s”) (Figure 1.2). 
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and their projection in frontal (FP) and 


horizontal planes (HP). A and B have 


the same projection in FP but not in 


HP. C and D has the same projection 


in HP but not in FP. Different positive / 


and negative morphologies appear 


according to these projections. The 


locations of the orthogonal leads X, Y 


and Z perpendicular to each other are 
similar to I, VF, and V2 leads. Vertical 
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hemifields of VF and V2, and 
horizontal lines correspond to the 
positive hemifields of leads I and V6. 


HP 
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V2 (Z) 


V2 (Z) = +90°; V6 = 0°. 


After depolarization of the atria and ventricles, the 
process of repolarization starts. The repolarization of 
the atria is usually a smooth curve that remains hidden 
within the QRS complex. The ventricular repolarization 
curve appears after the QRS as an isoelectric ST segment 
and a T wave. This T wave is recorded as a positive wave 
from the left ventricle electrode because the process of 
ventricular repolarization, as already mentioned and 
later explained in detail (see Chapter 5, From cellular 
electrogram to the human ECG and Figures 5.24 and 
5.25), appears very differently from what happens in an 
isolated contractile cell (see Figure 5.9). Repolarization 
starts on the opposite side to that of depolarization. Thus, 
the recording electrode faces the positive part of the 
dipole, or head of the vector, and will record a positive 
deflection, even though the dipole moves away from it 
(Figures 1.2C; see also Figures 5.24 and 5.25). Therefore, 
repolarization of the left ventricle in a human ECG 
(the T wave) is recorded as a positive wave, just as occurs 
with the depolarization complex (QRS) in leads placed 
close to the left ventricle surface (Ly). 


HP 
V2 (Z) 


The successive recording of the ECG is linear and the 
distance from one P-QRS-T to another can be measured in 
time. The frequency of this sequence is related to heart rate. 

The heart is a three-dimensional organ. In order to see 
its electrical activity on a two-dimensional piece of paper 
or screen, it must be projected from at least two planes, 
the frontal plane and the horizontal plane (Figure 1.3). 

The shape of the ECG varies according to the location 
(lead) from which the electrical activity is recorded. In 
general, the electrical activity of the heart is recorded 
using 12 different leads: six on the frontal plane (I, IL, M, 
VR, VL, VF), located from +120° to -30° (the VR is usually 
recorded in the positive part of the lead that is located 
in —150°) (see Figures 6.10 and 6.11), and six on the hori- 
zontal plane (V1-V6) located from +120° to 0° (see Chapter 
6, Leads and Figures 6.10 and 6.13). 

Each lead has a line that begins where the lead is 
placed, 0° for lead I or +90° for lead VF in the frontal plane 
(FP) and 0° for lead V6 and +90° for lead V2 in the hori- 
zontal plane (HP), for example (see Figure 6.10), and ends 
at the opposite side of the body, passing through the 
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KO. 
EO = P loop; OJ = ORS loop; JE = T loop; OJ = ST vector 


center of the heart. By tracing each perpendicular line 
that passes through the center of the heart, we may 
divide the electrical field of the body into two hemi- 
fields for each lead, one positive and one negative 
(Figure 1.3). A vector that falls into the positive hemifield 
records positivity, while one that falls into the negative 
hemifield records negativity. When a vector falls on the 
line of separation between hemifields, an isodiphasic 
curve is recorded (see Chapter 6, Figures 6.14 and 6.16). 

The different vectors are recorded as positive or negative 
depending on whether they are projected onto positive or 
negative hemifields of different leads (Figures 1.3 and 1.5). 
This is a key concept for understanding the morphology 
of ECG curves in different leads and is explained in 
Chapter 6 in more detail (Figure 6.14). 


The ECG and its different morphologies can be explained 
using the following sequence: 

Dipole — Spatial vectors — Projection in frontal (FP) 
and horizontal (HP) planes 


What is vectorcardiography? 


The vectorcardiogram (VCG) is the closed curve or loop 
that records the entire pathway of an electrical stimulus 
from the depolarization of the atria (P loop) and ventri- 
cles (QRS loop) to the repolarization of the ventricles 
(T loop). These loops are recorded in FP and HP, as well 


Figure 1.4 The origin of P, QRS, and 

T loops. The vectorcardiographic curve 
is the union of the heads of multiple 
vectors that form during the consecutive 
processes of depolarization and 
repolarization (see text and Figure 5.23). 


as in the sagittal plane. Made of the joined heads of 
the multiple vectors that form during the consecutive 
processes of depolarization and repolarization of the 
heart (Figure 1.4), VCG loops are obtained from three 
orthogonal (perpendicular to each other) leads, X, Y, and 
Z, which are placed in positions similar to those of leads 
I, VE, and V2, respectively (see Figure 1.3 and Chapter 25). 

The VCG curve is a plot of voltage against voltage of the 
different waves generated by the heart (P, QRS, T loops), 
and therefore it is not possible to measure the time 
between the beginning of the P loop and the beginning of 
the QRS loop (PR interval), or the beginning of QRS and 
the end of the T loop (QT interval). However, we can 
interrupt the loops of P, QRS, and T by cutting the tracing 
every 2.5ms, which allows the duration of each loop to be 
measured (see Figures 10.6-10.10 and 10.22-10.25). 

One advantage of the VCG is that the different rotations 
of the loop can be visualized, which is important to know 
if the stimulus follows a clockwise or counter-clockwise 
rotation when one complex or wave is diphasic. Figure 
1.5B shows how the mean vector of a loop directed to +0° 
that falls within the limit between the positive or negative 
hemifields in lead “Y” (VF) may present a +-(4) or a —+ 
(1') deflection. The direction of the mean vector of the loop 
does not solve one important problem: a +— deflection is 
normal, but a —+ deflection may be the expression of myo- 
cardial infarction. The correct morphology will be shown 
by the direction of loop rotation, however (Figure 1.5). In 
addition, the mean vector of the QRS loop, which 
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Figure 1.5 The concept of the hemifield. 
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Figure 1.6 Correlation of a vectorcardio- J A A- 
graphic loop with an electrocardiographic 
morphology in VF and V2. 
expresses the sum of all vectors of depolarization, does and end) that falls in the opposite hemifield of the main 
not indicate the direction of the small initial and final vector can explain the complete ECG morphology with 
forces when these forces are opposed to a mean vector initial (q) and final small (s) deflections (Figures 1.5 and 


(Figure 1.5). However, the small part of the loop (beginning 1.6; see also Figures 7.10 and 7.11). 
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The VCG can be described using the following sequence: 
The head of multiple vectors — Spatial loops > 
Projection in FP and HP 


ECG-VCG correlation 


Bearing in mind the abovementioned information, it is 
clear that to better understand the morphology of an 
ECG we must consider the stimulus pathway through 
the heart (VCG loop) in different normal and pathologi- 
cal conditions and identify the projection of these loops 
in FP and HP. It is important to understand how the 
different parts of the loop that fall into the positive or 
negative hemifields of each lead correspond to the differ- 
ent deflections of an ECG curve (Figures 1.5 and 1.6; see 
also Figures 4.60 and 4.61) (ECG-VCG correlation). This 
allows the ECG curves to be drawn from the VCG loops 
and vice versa. 


The key concepts around how ECG curves can be 
obtained from the VCG loops and vice versa (ECG-VCG 
correlation) are defined using the following sequence: 
Dipole — Vector —> Loop — Projection in different 
hemifields — ECG patterns 


Why do we record ECG curves 
and not VCG loops? 


Although ECG-VCG correlation is used in this book to 
explain how the different ECG patterns are produced, 
the recording of vectorcardiographic loops for diagnostic 
purposes is rarely used in clinical practice at present. 
There are many reasons for the superiority of ECG 
curves over VCG loops, the main ones being as 
follows: 

e The established diagnostic criteria of ECG in differ- 
ent pathologies are more defined and agreed-upon, 
compared with the VCG criteria. They are also easier 
to apply. Furthermore, it has not been clearly demon- 
strated by experts in ECG/VCG interpretation that VCG 
criteria provide more diagnostic information than that 
taken from ECGs, even in an era when VCG criteria were 
most used (Simonson et al. 1967; Rautaharju 1988; Van 
Bemmel et al. 1992). 

e VCG loops do not show an appreciation of time 
(PR and QT interval), as previously mentioned. 

e The ECG curves—VCG loop correlation gives us all 
the detailed information obtainable from VCG loops. 
In fact, if the origin of the ECG curve interpretation 
based on the projection of VCG loops in the positive 
and negative hemifields of different leads (ECG-VCG 


correlation) is understood and used, we are able to derive 
the same information that VCGs provide by just looking 
at the ECG. For example, it has been reported (Benchimol 
et al. 1972) that VCGs are essential for the diagnosis of 
superoanterior fascicular block (hemiblock) associated 
with inferior myocardial infarction (MI). However, as 
discussed in Chapter 13, the same information can be 
obtained from the ECG if we recognize the exact path- 
way of the stimulus in both cases (inferior MI alone or 
associated with hemiblock) and we make a good ECG- 
VCG correlation (see Figure 13.98). Furthermore, many 
details provided by amplified VCG loops (the degree of 
ST shifts, onset of pre-excitation, characteristics of the P 
wave, etc.) can also be obtained from surface ECGs 
through amplification of the ECG waves, if necessary 
(see Figures 9.20 and 13.24) (Bayés de Luna 1998; Bayés de 
Luna and Fiol-Sala 2008). 

e The VCG is not useful in the diagnosis of arrhyth- 
mias. Even information about the ectopic P wave may be 
correctly obtained from ECG curves. 

e Computerization of ECG data and not of VCG has 
become dominant and, despite current limitations, it has 
a great future. However, as we see later on (Chapter 3, 
Limitations) it is necessary to improve the results with 
better technology and the inclusion of new data (clinical 
setting, etc.). 

e The ECG is used more than the VCG for estimating the 
size of an MI (Selvester ORS scoring system) (Selvester et al. 
1972; Wagner et al. 1982). However, in the era of ECG- 
imaging correlations it is necessary to improve the methodol- 
ogy of ORS score measurement to obtain a better correlation 
with contrast-enhanced cardiovascular magnetic resonance 
measurements (see later and Chapter 3, Limitations). 

e ECG and not VCG patterns have already been 
correlated with imaging techniques, especially corona- 
graphy and contrast-enhanced cardiovascular magnetic 
resonance (CE-CMR). The correlation of ECG patterns 
with coronagraphy has allowed us to better locate 
the occlusion and determine the severity of ischemia in 
different types of acute coronary syndromes (leads with 
different ST shifts) (Sclarovsky 1999; Wellens et al. 2004; 
Bayés de Luna and Fiol-Sala 2008). It is also possible to 
obtain better classification and location of Q-wave MI 
(leads with abnormal Q or R waves as mirror image) 
using CE-CMR-ECG correlation (Bayés de Luna et al. 
2006a, 2006b; Cino et al. 2006; Bayés de Luna 2007; Rovai 
et al. 2007; Bayés de Luna and Fiol-Sala 2008; Van der Weg 
et al. 2009). Similar correlations have not been done with 
VCG loops. Currently, a good estimation of infarction size 
using CE-CMR has been obtained (Kim et al. 1999; Moon 
et al. 2004). However, the correlation of infarct size meas- 
urement performed by surface ECG (QRS scoring system) 
(Selvester et al. 1972) with CE-CMR is not very consistent, 
and the CE-CMR shows larger values than the QRS score 
estimation (Weir et al. 2010). We hope that in the future 


it will be possible to improve these results with new 
equations (see Chapter 3, The future). Good results 
have also recently been shown by Montant et al. (2010) 
using a contrast-enhanced three-dimensional echocardi- 
ography compared with CE-CMR to identify and quantify 
myocardial scars (positive and negative predictive 
value (PV) >90%). 

e Young physicians should realize that ECG-VCG 
correlation is a basis for better understanding ECG 
curves. This does not mean that they need to know specific 
VCG criteria, such as the number of milliseconds the loop 
is going up and down, because these data obtained from 
the VCG does not add too much diagnostic information. 
Therefore, a recorded VCG loop alone is not clinically 
efficient. However, it is important to remember that the 
ECG-VCG correlation is a key point for better under- 
standing of how ECG curves are originated (see below). 
e Currently, there are very few devices that still correctly 
record VCG curves. At the Electrocardiology Congress 
held in 2009, titled with the subheading “VCG sympo- 
sium,” it was decided that this subheading should be 
suppressed (Macfarlane 2009). “Signum temporis” stated 
the first organizers (Sobieszczariska and Jagielski 2010). 
The number of VCG papers published in Medline in the 
1970s and 1980s reached more than 800 per decade; today, 
in the first decade of this century, there are fewer than 60. 
e It appears that the VCG loops taken from the orthogo- 
nal leads do not give much more information from a clini- 
cal point of view than a conventional 12-lead surface 
ECG. They are also time consuming and need special 
devices. Although we presume that VCG devices will no 
longer serve as an independent tool in the future, the 
VCG loops are very useful for teaching purposes and for 
some diagnostic, prognostic, and research purposes (Kors 
et al. 1990, 1998; Rautaharju et al. 2007; Pérez Riera 2009; 
Lazzara 2010). It may be that incorporating VCG loops 
synthesized directly from 12-lead surface ECG recordings 
would be an interesting option (see Chapter 3). 


Why do we use ECG-VCG correlations 
to understand ECG patterns? 


Electrocardiography and vectorcardiography are two 
methods for recording the electrical activity of the heart. 
As explained above, the ECG is a linear curve based on 
the positive and negative deflections recorded when an 
electrode faces the head or the tail of a depolarization and 
repolarization dipole, the expression of which is a vector, 
from leads placed in frontal and horizontal planes. The 
VCG is a loop that represents the outline of the joining of 
multiple dipoles (vectors) formed along the electrical 
stimulus pathway through the heart. The projection of 
these loops in frontal and horizontal planes is a closed 
curve that is different in morphology from the linear 
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curves of an ECG. Both ECG curves and VCG loops, 
however, are completely connected so that the ECG curve 
may be easily deduced from the VCG loop, and vice 
versa (see ECG-VCG correlation, Figures 1.5 and 1.6). As 
already mentioned, this approach is considered to be the 
best way to understand both the normal ECG and all the 
morphological changes that different pathologies intro- 
duce to the ECG. 

The correlation between VCG loops and projection 
of this on different hemifields to understand the ECG 
pattern (dipole — vector — loop — hemifield sequence) 
will no doubt remain a cornerstone of the teaching of the 
ECG (Grant and Estes 1952; Sodi-Pallares and Calder 
1956; Cooksey et al. 1957; Cabrera 1958; Bayés de Luna 
1998; Gertsch 2004). 


1. The deduction of the ECG from the VCG loops is 
crucial to better recognizing how both normal ECG 
curves and the many ECG changes found in different 
heart diseases and under special circumstances 
originate. 

2. Although the deductive method for teaching elec- 
trocardiography is fundamentally based on the cor- 
relation that exists between ECG curves and VCG 
loops, VCG criteria are not used for diagnosis. 

3. In the majority of diagrams used to show the use- 
fulness of VCG loop-ECG wave correlations, the path- 
way of the electrical stimulus is represented as a curve 
with a continuous line. When we record original trac- 
ings, however, dashes every 2.5ms in the VCG loops 
are shown. Examples of this may be seen throughout 
this book (see, for example, Figures 11.25, 11.36, and 
11.40). 
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Chapter 2 


The History of Electrocardiography 


Electrical phenomena have been observed by humans for 
more than 2500 years. Thales of Miletus in Greece (sixth 
century BC) noted that amber rubbed with wool attracts 
light objects. In fact, the ancient Greek name for amber is 
elektron. As early as the end of the sixteenth century, the 
English physician William Gilbert postulated the relation- 
ship between electricity and magnetism. He was followed 
by Benjamin Franklin, who discovered the lightning rod 
in about 1750. At the end of the eighteenth century, the 
Italian Luigi Galvani discovered that electricity in animals 
is generated via “an electric fluid.” Galvani believed 
that electrical stimulus preceded muscle contraction. He 
would become the world’s first electrophysiologist 
(Rosen 2002; Rosen and Janse 2006). 

The electrical activity of the heart was first recorded in 
the late nineteenth century by Augustus D Waller (Figure 
2.1), who in 1887 recorded the curves of electrical activity 
of the human heart using saline-filled tube electrodes and 
the capillary electrometer developed by Gabriel Lippmann 
(Figure 2.2A,B). The first human ECG was taken to 
Thomas Goswell, a technician in his laboratory. Initially 
he used his dog Jimmy to perform ECG recordings, but 
was accused of cruelty to animals because of the belts 
used and the practice of putting the dog’s extremities in 
saline water. Although Waller was credited with being the 
first to record the electrical activity of the heart, he did not 
have much faith in the usefulness of electrocardiography, 
stating “I do not imagine the electrocardiography is likely 
to find any very extensive use ... just occasionally to 
record some rare anomaly of cardiac action” (Burch and 
DePasquale 1964). 

In the last years of the nineteenth century, Willem 
Einthoven (1860-1927) (Figure 2.3) (Einthoven 1912; 
Snellen 1977; Moukabary 2007; Kligfield 2010) began to 
study animal action potentials using the capillary 
electrometer. Because he was dissatisfied with the records 
obtained, he made several modifications that greatly 
improved the tracing quality by using differential 
equations to correct the poor frequency response of the 
original design (Figure 2.2A). With these modifications, 


he was able to predict the correct form of the human ECG 
(Figure 2.2C) and he proved his findings using a string 
galvanometer developed in 1902. 

Einthoven’s string galvanometer (Figure 2.2D) consisted 
of a silver-coated quartz filament suspended between the 
two poles of an electromagnet. The fixed magnetic field 
created by the electromagnet established a strong constant 


Figure 2.1 Dr AD Waller recorded many ECG tracings using his 
dog Jimmy, resulting in accusations of animal cruelty. 
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Figure 2.2 (A) Lippmann’s capillary 
electrometer consisted of a mercury 
reservoir ending in a glass capillary 
with the upper half filled with mercury 
and the lower half and reservoir filled 
with sulfuric acid. (B) Waller’s 
cardiogram recorded using a capillary 
electrometer. t = time; h = external 
pulsation from heart beat; c = electrical 
activity of heart. (C) Einthoven’s 
recording using a capillary electrometer. 
Upper: A, B, C, and D waves; lower: 
mathematically corrected waves, now 
designated PQRST. (D) A string 
galvanometer. Upper: Poles P and P, of 
electromagnet and aperture for string. 
Note holes for viewing via microscopes. 
Lower: electromagnet with string in 
place and two microscopes. 

(E) Einthoven’s ECG recordings. 


Figure 2.3 Dr Willem Einthoven in his 
laboratory early in his career (A) and 
years later (B) while visiting Frank N 
Wilson in Ann Arbor, Michigan. 


force moving from one pole to the other. Currents from 
the heart registered from the surface of the body were 
conducted through the quartz string, thereby creating a 
varying magnetic field of force around the long axis of the 
string. The interaction between the two magnetic fields, 
one between the poles of the electromagnet and the other 
depending on the magnitude of the current that flowed 
through the string, resulted in movements of the string 
that were recorded as sharp deflections. 

The first electrocardiogram recorded using the string 
galvanometer was published in 1902. The quality of 
the tracings was undoubtedly very good and similar to 
today’s tracings (Figure 2.2E). It is interesting to note that 
because Einthoven’s laboratory was more than a mile 
from the academic hospital in Leyden, he developed a 
method for recording the ECG from a distance, which he 
called “Telecardiogramme.” 

Unlike Waller, Einthoven intuited the great potential of 
electrocardiography, stating that “A new chapter has 
been opened in the study of heart diseases ... by which 
suffering mankind is helped.” In fact, by 1906 he had 
already published his first paper presenting normal and 
abnormal ECGs (Einthoven 1912). With this new tech- 
nique, the recording of ECG curves had a high fidelity and 
sensitivity and represented an undistorted, directly read- 
able graphic record of the electrical activity of the heart. 
Einthoven labeled the detailed wave deflections “PORST,” 
instead of using the “ABCD” notations used for the waves 
taken with the capillary electrometer (Figure 2.2C). This 
avoided confusion between uncorrected and corrected 
records and allowed the addition of further letters if other 
earlier or later wave forms should be discovered. Starting 
with “P” to describe the first wave avoided the use of the 
letters “N” and “O,” which were already in use for other 
mathematical/ geometrical conventions. 

The diagnostic technique introduced by Einthoven over 
100 years ago was soon manufactured by the Cambridge 
Scientific Instrument Company, founded by Horace 
Darwin, younger son of the great biologist Charles Darwin 
and the first to officially commercialize ECG machines. 
The first manufactured ECG machine was supplied to EA 
Schafer in Edinburgh in 1908 (Figure 2.4A). The second 
model, the table model, was manufactured in 1911. Figure 
2.4B shows how the recording of tracings with this huge 
machine was performed. One of the three first complete 
electrocardiographs was delivered to Sir Thomas Lewis. 

Today’s ECG tracings no better in quality from a 
morphological point of view (Figure 2.2E), although now 
the ECG is usually recorded digitally, and the devices are 
much smaller. The ECG may even be recorded holding 
the device in two hands (see Chapter 6, Figure 6.19). In 
any case, the ECG remains, presumably forever, the “gold 
standard” technique most used in everyday practice in 
cardiology, and possibly general medicine, throughout 
the world. 
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Figure 2.4 (A) The first manufactured ECG machine. (B) The 
second model (table model manufactured by Cambridge Scientific 
Instrument Company in 1911) (see text). 


In hindsight it is clear that the Nobel Prize Einthoven 
received in 1924 was very well deserved. He had a fasci- 
nating and creative personality added to his genius. He 
only looked for the truth. He once stated “What you or I 
think is not important. What is important is the truth” 
(Burch and De Pasquale 1964). 

Prior to the discovery of the ECG, the diagnosis of heart 
rhythm disorders had been performed by clinical exami- 
nation and polygraphic recordings of arterial and venous 
pulsations. The most important studies in this field were 
performed by the physicians Sir James Mackenzie and 
Karel F Wenckebach in the late nineteenth century. In the 
early days of electrocardiography they were naturally 
suspicious of this new technique, probably because they 
thought that it might interfere with careful observation 
and the physical diagnosis of heart diseases. However, 
Wenckebach in particular became convinced of its impor- 
tance. The ECG made the identification of many of the 
great concepts discovered by these pioneers much easier 
and more accurate. In fact, Wenckebach was able to dis- 
cover with polygraphic recordings different types of sec- 
ond-degree atrioventricular block. The influence of both 
cardiologists on the evolution of the ECG, especially in 
the field of heart rhythm disorders, is very significant. 

From a historical point of view, the two most impor- 
tant pioneers of clinical electrocardiography, Sir Thomas 
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Figure 2.5 Dr Willem Einthoven, left, with Sir Thomas Lewis, right. 


Lewis and Frank N Wilson, must be mentioned. 
Sir Thomas Lewis (1881-1945) (Figure 2.5) accomplished 
the daunting task of demonstrating the importance of 
Einthoven’s discovery, especially in the field of heart 
rhythm disorders. He also demonstrated interesting 
aspects of changes in wave morphology, such as the 
significance of the mirror pattern in acute ischemia, 
and wrote the first ECG books describing the clinical 
usefulness of the technique (Lewis 1913, 1949). He did 
not, however, correctly interpret the ECG morphology in 
bundle branch block; this was accomplished later by 
other pioneers such as George Fahr (Figure 2.6). Lewis 
believed that there was nothing left to discover in the 
field of electrocardiography after 1920, and turned to 
peripheral circulation. Frank N Wilson (1890-1952) 
(Figure 2.6) was the father of chest leads and the central 
terminal that allows us to record the so-called “unipolar 
leads” in the frontal plane (VR, VL, VF) and the horizon- 
tal plane (precordial leads) using limb leads as a refer- 
ence (Wilson et al. 1931, 1944). He also performed 
important studies on ventricular blocks and other aspects 
of electrocardiography. Both Sir Lewis and Wilson 
became good friends with Einthoven (Figures 2.3B and 
2.5) and both died at a relatively young age from acute 
infarction. 

Other important researchers and pioneers before my 
traineeship (1960-1963) include among others (Figure 2.6) 
Hubert Mann (1891-1974), who recorded the first version 
of VCG loops (1920), and J. Herrick who published in 
1919 the first ECG in a patient who had a myocardial 
infarction (MI), and H. Pardee in 1920 the first sequential 
ECG changes in an acute MI. As mentioned above, 
George Fahr (1880-1959) was the first to correctly recog- 
nize the ECG pattern of bundle branch block (Fahr and 
Weber 1915). In the field of basic electrophysiology, G 
Ralph Mines (1886-1914) first described the re-entry 
phenomenon (Mines 1914) and S Weidmann (1921-2005), 


Hubert Mann 


Ralph Mines 


Figure 2.6 Six pioneers of electrocardiology (see text). 


James Herrick 


Silvio Weidmann 


George Fahr 


Figure 2.7 From left to right: Louis Wolff, Sir John Parkinson, 
and Paul Dudley White, the discoverers of the first arrhythmo- 
logical syndrome. 


pioneer of cellular cardiac electrophysiology, recorded 
the transmembrane action potential (TAP) for the first 
time with E Coraboeuf in 1949. Finally, Louis Wolff, Sir 
John Parkinson, and Paul Dudley White (Figure 2.7), 
who described the first electrocardiological syndrome, 


the Wolff-Parkinson—White (WPW) syndrome, in 1930, 
made a very significant contribution (Wolff et al. 1930). 
Since my training, I have had the privilege to 
contemplate many great advances and discoveries in the 
field of electrocardiography, which I consider to be not 
just a part of history but part of the present and the 
future. These include among others a better knowledge 
of cellular electrophysiology (Hoffman, Cranefield), a 
correct interpretation of intraventricular blocks from an 
experimental and clinical point of view (Sodi-Pallares 
group, Rosenbaum and Elizari), the first studies on intra- 
cavitary electrocardiography (Alanis, Puech, Scherlag), 
the discovery of total excitation of the human heart 
(Durrer), the clinical application of new methods to the 
study of the electrical activity of the heart, such as exercise 
ECGs (Bruce, Ellestad), continuous ECG recording, 
especially Holter technology (Kennedy, Stern), pro- 
grammed electrophysiological studies (Wellens, Coumel, 
Josephson), the discovery of the critical importance of 
ECGs for the diagnosis of some inherited heart diseases 
known as channelopathies (Moss, Schwartz, Brugada 
brothers), advances in the knowledge of mechanisms 
(Moe, Antzelevitch, Jalife, Zipes) and clinical diagnosis 
(Schamroth, Fisch) of arrhythmias, the demonstration of 
the usefulness of ECGs in following the evolution of 
ischemic and other heart diseases, (Sclarovsky, Birnbaum, 
Gorgels, Wellens, Spodick, Bacharova) and of different 
situations such as electrolyte disturbances (Surawicz), 
athletes (Maron, Pelliccia, Corrado)), the implementation 
of a scoring system to measure the size of necrotic tissue 
(Selvester, Wagner), the emergence of automatization 
and computerization of ECGs (Pipberger, Rautaharju, 
Willems, Macfarlane), the importance of the ECG in many 
aspects related to the electrical treatment of arrhythmias 
and sudden death from cardioversion to pacemakers and 
implantable defibrillators, and, recently, resynchroni- 
zation therapy (Lown, Zoll, Elmqvist, Mirowski, Moss, 
Cazeau, Daubert) and its drug treatment (Bigger, 
Breithardt, Camm, Connolly, Yusuf), among many others. 
All of these advances and many others will be discussed 
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throughout the book. Because of them, the ECG has 
become more useful, and more frequently used, than ever 
before. 
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Chapter 3 


Utility and Limitations of the Surface 
ECG: Present and Future 


More than 100 years have passed since the invention of the 
surface ECG and we now live in an age when new inven- 
tions and progress in medicine are seen every day, so it is 
astonishing that the surface ECG not only still exists but 
remains as a “gold standard” technique for the study of 
electrical disorders of the heart. The following is an over- 
view of the most relevant advantages and disadvantages, 
as well as the utility and limitations, of the surface ECG. 


Utility 


ECG as the best diagnostic tool (Bayés de 
Luna-Fiol 2007a, Bayés de Luna 2011) 

The ECG is the best diagnostic tool for the following: 

e The diagnosis and evaluation of all active cardiac 
arrhythmias, conduction disorders, all types of bradyar- 
rhythmias and pre-excitation syndromes. 

e Differental diagnosis in cases of broad ORS tachycar- 
dia with one strip of the surface ECG. Correct differential 
diagnosis (supraventricular vs. ventricular tachycardia) 
can be achieved in more than 90% of cases. 

e The identification of an ECG pattern that may suggest 
future tachyarrhythmias, or even a risk of sudden death 
(i.e. Wolff-Parkinson—White (WPW) pattern, channelopa- 
thies, P+ in II, III, and VF) in a surface ECG tracing with- 
out arrhythmias. 

¢ Determining whether or not it is necessary to implant 
a pacemaker or cardiac resynchronization therapy (CRT) 
(Chapter 17). 

e The diagnosis of acute ischemic events. In this case, it 
is essential to have the clinical information, but a good 
knowledge of ECG patterns may help to perform the 
diagnosis of acute coronary syndromes (ACS), and to 
classify them into two types: those with ST segment 
elevation and those with non-ST segment elevation (Bayés 
de Luna et al. 2007) (see Chapters 13 and 20). 

e As said the detection of a phenotype expression of 
channelopathies (long QT, short QT, Brugada syndrome). 


In other inherited heart diseases, such as hypertrophic 
cardiomyopathy or arrhythmogenic right ventricular 
dysplasia, the ECG may also help in the diagnosis, but 
there is no clear genotype-phenotype correlation (Bayés 
de Luna 2011) (Chapter 21). 

e The surveillance of different types of pacemakers and 
implanted defibrillators (ICD). 


When ECG is also important 

The ECG is also important for the following: 

e To presume a diagnosis of chronic ischemic heart 
disease (IHD), especially of chronic Q wave myocardial 
infarction (MI). 

e The evaluation and follow-up of patients following MI 
or cardiac surgery. 

¢ The diagnosis and study of the evolution of other heart 
diseases, such as valvular heart diseases or pericarditis 
(Spodick 2003), and in special circumstances, such as elec- 
trolyte imbalance (Surawicz 1967) or drug administration. 
e The evaluation of athletes and check-ups in general, 
and as a pre-operative assessment for cardiac and non- 
cardiac surgery. 


The correlation of ECG patterns with the 
clinical setting 

The ECG is currently of great utility, not only from a 
diagnostic point of view, but also from a prognostic one, 
in addition to its use in the management of heart disease. 
This is clearly illustrated in the acute phase of IHD. ACS 
are classified into two groups to decide treatment: with ST 
elevation (STEMI) and without ST elevation (NSTEMI) 
(see above and Chapter 20). 

This classification, although challenged by some authors 
(Phibbs 2010), is very helpful in stratifying the manage- 
ment of ACS and is used worldwide and accepted in all 
guidelines (ACC/AHA/HRS 2007, 2009; (see page X); 
European Society of Cardiology 2010). 

However, it is important to note that even experts in ECG 
diagnosis experience problems in correctly interpreting 
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ST changes without good clinical information (see Bayés de 
Luna et al. 2007b; Bayés de Luna and Fiol-Sala 2007a; Jayroe 
et al. 2009; Nikus et al. 2010 and Chapter 19) (see below, 
Limitations). 


Correlation with coronarography 

and imaging techniques 

The correlation between ECG patterns and coronarogra- 
phy in cases of ACS is very valuable to better locate the 
occlusion site and area at risk (Sclarowsky 1999; Wellens 
et al. 2003; Fiol et al. 2004, 2009; Bayés de Luna and Fiol-Sala 
2007). 

Contrast-enhanced cardiac magnetic resonance 
(CE-CMR) is very useful in determining the presence and 
size of MI (Moon et al. 2004) and in demonstrating that the 
first area of myocardium to suffer the effects of ischemia is 
the subendocardium (Mahrholdt et al. 2005). In patients 
with chronic MI in particular, the correlation of ECG pat- 
terns and CE-CMR has been very useful in demonstrating 
and properly locating the presence of necrotic areas 
according to the new terminology used for heart walls 
(Cerqueira et al. 2002; Bayés de Luna et al. 2006a). For 
example, it has been demonstrated that in post-MI patients 
the R wave in V1 is caused by lateral, not posterior, MI and 
that “q” in VL is caused by first diagonal occlusion (mid- 
anterior MI) rather than circumflex occlusion (high lateral 
MI) (Bayés de Luna et al. 2006b, 2008; Rovai et al. 2007; Van 
der Weg et al. 2009) (see Figure 13.67). 


The ECG as a research tool 

The ECG is used in epidemiological studies and in the 
safety evaluation of new drugs with recognized or 
potential cardiac effects (QT interval, arrhythmias, etc.). 


Other benefits 
ECG recording is an inexpensive, easy and quick recording 
technique. 


Limitations 


e Despite the usefulness of the ECG in acute MI, many 
patients (30-50%) with old MI or chronic IHD present 
with a normal or non-definitively abnormal ECG at rest 
and often even during exercise. If the physician is not well 
trained, small changes may not be correctly perceived. 

e Some severe heart diseases, such as pulmonary 
embolism, cardiac tamponade, acute aneurysmal 
dissection, or even rupture, as well as acute ischemic attack 
may present with non-specific, or subtle, ECG changes 
that may only be interpreted correctly by those with very 
good ECG training who are able to make a good correla- 
tion with the clinical setting (see Chapters 20 and 21). 

e Following the emergence of new imaging techniques 
(echocardiography and especially cardiovascular magnetic 


resonance), the diagnosis of chamber enlargement and 
congenital heart disease is more precise than with electro- 
cardiography alone. However, the usefulness of ECG 
recording is still important in some aspects, not only from 
a diagnostic point of view, but also from a prognostic one 
(see Chapter 10). Furthermore, although no full correlation 
between ECG changes and these imaging techniques has 
been performed, the results obtained to date have been 
promising (see Chapters 9 and 10). 

e The ECG can be a misleading diagnostic tool if the 
existence or absence of underlying heart disease is 
identified based only on the presence of a normal or 
abnormal ECG pattern. Unfortunately, the ECG does not 
have a talisman’s power. When faced with a patient pre- 
senting with precordial pain of unknown origin, it is a 
great mistake to proclaim “The ECG will settle this.” 
While it is true that the ECG may give crucial information, 
it would be very dangerous to fail to integrate the ECG 
information with the clinical setting. Healthy individuals 
often present with some alterations of the ECG, which 
may lead to a wrong diagnosis if used alone. Therefore, 
the ECG must always be interpreted in the light of the 
clinical evidence. At present, a manual interpretation of 
the ECG is advised. Automatic interpretation, which may 
produce a more accurate and useful computer-generated 
report, will likely be used more often in the future, but 
currently computer interpretation needs physician 
overreading (see later). 

e Clearly, a normal ECG should not be considered a 
“warranty” and in fact does not exclude the possibility of 
cardiac death resulting from an electrical disturbance (i.e. 
ventricular fibrillation or bradyarrhythmias), even on the 
same day that the ECG is recorded. If there is some clini- 
cal suspicion of IHD, serial ECGs should be recorded and 
an attempt should be made to ascertain the cause of the 
pain, regardless of the presence of a normal or nearly 
normal ECG at entrance. 

¢ Normal variants of the ECG may be related to body 
constitution, thoracic malformations, race, or gender. 
The ECG may also show transient changes caused by 
metabolic or other disorders (hyperventilation, hypother- 
mia, glucose or alcohol intake, electrolyte disorders, drug 
effects, etc.). 

e There are limitations inherent in the technology used. 
Until recently, the recording process was based on analog 
techniques. These techniques present limitations because 
the quality of the recording decreases with time, stor- 
age become a problem, and it is impossible to transmit the 
recording immediately. It also has to be considered the 
possible presence of technical errors in the recording 
process (Chapter 6). 

e Probably the most important limitation of the ECG is 
not the technique itself but rather the physician’s lack of 
ECG expertise. Currently, the majority of hospitals do not 
provide a period devoted to training by experts in ECG 
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diagnosis. It is important that the ECG is studied with 
an updated mentor in a systematic and sequential way, 
which is what we attempt to do in this book. It is also 
extremely important to interpret the ECG bearing in mind 
the clinical context. Once the training period is finished 
periodic updated programmes are necessary. Universities, 
Hospitals and Scientific Societies must organize intramu- 
ral and extramural meetings, including internet courses, 
designed for trainees and also their mentors. This will 
allow weaknesses to be identified and knowledge to be 
reinforced. An adequate traineeship approach would be 
of great advantage for the healthcare system because it 
would allow for: (a) a better and quicker diagnosis, prog- 
nosis and management in many situations (acute ischemic 
events, patients at risk of sudden death, the need for 
pacemaker implant, etc.) and (b) the avoidance of more 
sophisticated techniques, resulting in saved money, time, 
and discomfort. 
e Some limitations of the surface ECG may be overcome 
by other electrocardiological techniques. It is clear that 
the study of the electrical activity of the heart using 
exercise and long-term recording (monitoring and Holter 
technology), intracardiac electrophysiological studies, 
filtering systems, body mapping, etc. (see Chapter 25) 
may help in some specific ways. This adds to the 
usefulness of the surface ECG and reduces its limitations. 
Finally, the correlation with imaging techniques, 
especially the cardiac multislice scanner and cardiac 
magnetic resonance, complements and, in some aspects, 
increases the capacity of ECG for the management, diag- 
nosis, and prognosis of heart diseases. We will deal with 
each of these aspects later. 


The future of electrocardiography 


Undoubtedly, what is most important for the future is to 
try to overcome any limitations in electrocardiography. 
Fortunately, we are already obtaining great results in this 
respect. The ECG is an evolving, living science and its 
future is very promising, particularly if the advancements 
described below are achieved (Guidelines AHA/ACC/ 
HRS 2007-2009) (p. X). Due to that, the standards for 
ECG interpretation require periodic review and revision 
(Gettes 2009). 


The ECG in the digital era 

We are now immersed in the digital era, and in the field 
of ECG, this has given rise to the need for functional 
programs and devices that are portable, versatile, and 
interactive. Nearly all current ECG machines convert the 
analog ECG signal to digital form. The initial sampling 
rate during analog-to-digital conversion is higher than 
the sampling rate that is used for further processing. This 
oversampling was originally introduced to detect and 


represent pacemaker stimulus outputs which are 
generally <0.5 ms in duration. 

Ideally, ECG machines should be small and compact, 
and must work in an integrated fashion in various health 
institutional settings, independently of the type of 
technology used. These systems allow us to work online 
and may be incorporated into telemedical services. 
Compression of ECGs is recommended for transmission 
and data storage. In an ideal world the diagnosis could 
be performed by an expert in real time through the 
Internet; this could then be applied to multiple scenarios 
(ambulance, isolated areas, ships, etc.) with poor access 
to assistance because of their geographic location or 
associated economic costs (see Figure 6.19). 


Improvements in automated ECG 
interpretation 

Automatic computer interpretation may be particularly 
useful for general practitioners in detecting ECG changes 
in patients with precordial pain and in identifying left 
ventricular hypertrophy in hypertension (Willems 1991). 
However, I would like to emphasize the advantages 
not only for physicians but also for nurses in being fami- 
liar with the general concepts of ECG and being able 
to identify the basic patterns, as well as artifacts and tech- 
nical errors. Currently, all automatic recordings need to 
be reviewed by a physician (American College of 
Cardiology/American Heart Association 2007). By 
entering more data about the patient (sex, age, body 
habitus, and clinical history) and facilitating a link to 
ECG-pedia—a corpus containing information taken from 
many ECG books and reports that can assist in the correct 
diagnosis—it may be possible, although it has to be 
proved, that this practice will no longer be necessary. At 
present (March 2012), however, the information in ECG- 
pedia (http//in.ecgpedia.org) is incomplete and not 
up-to-date. It is hoped that this problem will be remedied 
soon and this corpus will become much more complete 
and accurate. According to Surawicz (2010), a comparison 
between a diagnosis performed by a computer linked to 
an updated ECG-pedia and an ECG expert would be as 
interesting as a chess match between a computer and a 
chess master. For the moment the ECG expert would win. 
Probably in the future the match will be more equal. 


New advances in correlation with 

imaging techniques 

As previously explained, CE-CMR is useful in detecting 
the presence of necrosis and the size of MI, as well as 
identifying, in correlation with the ECG, the location of 
the necrosis. However, while the correlation between 
scoring ECG system and CE-CMR for estimating infarction 
size and measuring the left ventricular ejection fraction 
(LVEF) is reasonable, it is not consistent enough because 
the results are always larger with CE-CMR (Weir et al. 
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2010). Therefore, to obtain an accurate and reproducible 
estimation of infarct size and LVEF by surface ECG in sur- 
vivors of acute MI using a 12-lead ECG would be a great 
advance. This would allow a significantly better correla- 
tion between ECG scoring and CE-CMR (Weir et al. 2010). 
In addition, a better definition of the diagnosis of 
chamber enlargement by ECG criteria could be made 
using CMR correlation. Echocardiographic comparison 
underestimates the volume size of atrial chambers 
(Whitlock et al. 2010). Diagnosis would probably be more 
accurate if a correlation between ECG and CMR detecting 
chamber enlargement were performed (see Chapter 9). 


The use of the ECG in new treatments 

of heart disease 

The use of ECG in new treatments such as cardiac regen- 
eration or the detection of cardiac rejection show promises 
for the future. 


Rapid recording of the ECG means better 
treatment 

Figure 20.3 shows the evolution of the ST elevation acute 
coronary syndrome (STE-ACS) from the 1970s to the 
present. Today we can take quick decisions based on the 
prompt recording of the ECG and save lives, or at least 
reduce cardiac muscle damage, while in the past we were 
frequently just bystanders witnessing the on-going 
process of many diseases. 


Improving the capacity of the ECG 

Further improvements in the capacity for better diagnosis, 
risk stratification, prognosis, and management of heart 
diseases or other processes are possible (Poplack Potter 
2010). This will be included in the concept of “expanded 
surface ECG” or “ECG plus” and may be accomplished 
by the following potential future developments: 

e Using amplification methods in order to record the 
ECG (x4 amplification). This permits the shifts of ST to be 
better recognized; a 0.5mm change is sufficient for 
diagnosing ACS (see Figure 13.24). This will also help us 
to study the P wave, the initial forces of pre-excitation, 
intraventricular block, early repolarization pattern, or 
Brugada pattern, among others. 

¢ Recording the ECG at a higher speed may be useful to 
detect atrioventricular (AV) dissociation (see Figure 16.13). 
e Additional leads, including Lewis leads (Bakker et al. 
2009), esophageal leads, etc. (see Chapters 6 and 25), may 
be used. 

e Recording parameters such as late potentials and 
others to study ANS imbalance (HRV, HRT, T wave 
alternans, etc.). 

¢ Being able in the future to record the bundle of His 
deflection externally, which permits a better evaluation 
of the long PR interval and intraventricular conduction 
disorders. This may help in the decision-making process 


for pacemaker implants. This was reported to be feasible 
by signal averaging more than 30 years ago, but has not 
been implemented in commercial devices (Wajszczuk 
et al. 1978). 

¢ Developing the capacity to filter some waves of the 
ECG to better see other waves using wavelet technology. 
For instance, by filtering the T wave a better definition 
and correct identification of P wave activity may be 
achieved in cases of arrhythmias. While this was once 
reported using analog technology, it has now been 
demonstrated using digital technology (Goldwasser et al. 
2011). These techniques may currently perform the 
correct diagnosis of different types of supraventri- 
cular tachycardias, especially in distinguishing between 
atrioventricular nodal reentrant tachycardia (AVNRT) 
and atrioventricular reentrant tachycardia (AVRT) (see 
Chapter 25). The next step would be to identify the 
presence of AV dissociation, which is crucial to 
the differential diagnosis of broad QRS tachycardias. 
Filtering the QRS to identify any hidden P-wave and 
to better study the characteristics of atrial fibrillation 
waves is another possibility (Platonov et al. 2012). 

¢ Redefining old ECG criteria with new methodology 
and technology. For example, “notches and slurrings” in 
the QRS to diagnose some types of necrosis and many 
other processes, which was already published some 
decades ago by Horan et al. (1971) and now rediscovered 
by Das et al. (2006). 

e Synthesizing VCG loops from the 12-lead ECG 
recording. This may be done with a conversion matrix 
(Edenbrandt and Pahlm 1988, Kors et al. 1990), or directly 
from a 12-lead ECG (Rautaharju et al. 2007). This can be 
useful not only for teaching, but also for some diagnostic 
(for instance presence of minor preexcitation), prognostic, 
and research purposes. Different VCG studies have 
demonstrated that a widened spatial QRS-T angle is 
associated with subsequent CV death (Kardys et al. 2003) 
and also recently new possibilities of VCG in stratifying 
the risk of sudden death have been noted (Lazzara 2010). 
These studies have mainly been performed taking the 
VCG loops from the orthogonal leads x, y, and z (leads 
perpendicular to each other similar to leads I, VF, and 
V2, see Chapter 25). As these leads are not recorded in 
clinical practice, the vectorcardiographic loops may be 
synthesized from the 12-lead ECG recording with similar 
results (Kors 1990). Therefore it may be interesting to 
incorporate a synthesized VCG loops into the “expanded 
ECG” concept. In fact, although was published that the 
ECG frontal plane QRS-T angle should not be considered 
an adequate diagnostic substitute for the spatial QRS-T 
angle (Brow 2011), recent studies as yet not published 
seem to demonstrate that the calculation of the QRS-T 
angle in the frontal plane from the surface ECG will prob- 
ably be equivalent to the spatial QRS-T angle taken from 
the VCG synthesized from an ECG. 
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e The new generation of cardiologists being aware of 
the importance of ECG. This has already been mentioned 
in this chapter (see Limitations, above). 


To summarize, we agree with Arthur Moss that we are 
experiencing a great renaissance of electrocardiography 
(Moss 2004). With this in mind, it is important to 
encourage the enthusiasm of young physicians for the 
ECG. 
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Chapter 4 


The Anatomical Basis of the ECG: From 
Macroscopic Anatomy to Ultrastructural 


Characteristics 


The anatomical basis 


From an anatomical point of view the heart is made up of 
four cavities (Figure 4.1): two atria and two ventricles, 
connected by the atrioventricular (AV) valves. The 
pulmonary artery originates from the right ventricle and 
the aorta from the left ventricle. The superior and inferior 
vena cava are connected to the right atrium and the four 
pulmonary veins to the left atrium. The pacemaker of the 
heart is located in the sinus node close to the superior 
vena cava. The electrical stimulus arrives at the atrial and 
ventricular myocardium, where the excitation—contraction 
coupling is performed, through internodal tracts, the AV 
node, and the intraventricular conduction system (ICS) 
(see Figure 4.7). 

The following is a description of the characteristics of 
the heart walls and of the specific conduction system 
(SCS), which are important from an electrocardiographic 
point of view (Figures 4.1-4.9). 


The heart walls: perfusion and innervation 
(Cerqueira 2002; Bayés de Luna and 

Fiol-Sala 2008) 

Our best information on the anatomical aspects of the 
heart walls has been obtained from cardiovascu- 
lar magnetic resonance imaging (CMR) along with the 
study of the coronary tree performed by both invasive 
coronariography and the multislice scanner. In addition, 
CMR and isotopic studies are useful in studying the 
perfusion of the heart. Another useful technique is 
echocardiography, which is used to identify heart cham- 
ber volume, heart wall thickness, and myocardial function 
(ejection fraction). 

The left ventricle has four walls (Figure 4.1). They 
are currently identified as septal, anterior, lateral, and 
inferior. Historically (Perloff 1964), the term true poste- 
rior wall was given to the basal part of the inferior wall 
that bends upwards. However, using imaging tech- 
niques such as CMR it has been demonstrated (Bayés de 


Luna 2006a; Bayés de Luna and Fiol-Sala 2008) that the 
basal part of the inferior wall bends upwards in only 
25-30% of cases (Figure 4.2) and that a posterior inclina- 
tion of all inferior (diaphragmatic) wall is present in 
only 5% of cases in very lean individuals with the heart 
in a vertical position (Figure 4.2C). The true posterior wall 
is now known as the inferobasal part of the inferior wall, 
according to the American Societies of Imaging 
(Cerqueira 2002). This appears to be a suitable name 
given that the true posterior wall does not usually exist. 
From the oblique sagittal view, the anterior and inferior 
walls (Figure 4.3A) present one part anterior and 
the other posterior, and also in the horizontal axial plane 
one part of the septal and lateral wall is located more 
anteriorly with respect to the rest of the wall (Figure 4.3B). 
This is completely contrary to the idea that a true and 
independent posterior wall exists. As previously stated, 
it occurs in very few cases (5%) (Bayés de Luna and 
Fiol-Sala 2008) (Figure 4.2C) and when it does occur, the 
orientation of the necrosis vector also is towards 
V3-V4, not V1-V2 (Figure 4.3A). 

Despite clear findings that the true posterior wall 
usually does not exist (Cerqueira 2002; Bayés de Luna 
2006a; Bayés de Luna and Fiol-Sala 2008), correct heart 
wall terminology is not always used and has even been 
questioned (Garcia-Cosio 2008; Bayés de Luna 2008a; 
Gorgels and van der Web 2010; Kalinauskiene 2010; 
Bayés de Luna 2011). It usually takes some time to change 
a dogma. In their book History of Electrocardiography 
(1964), Burch and DePasquale state that: 


“because of efforts by some to advance their own ideas rather 
than the science itself, progress in electrocardiography has, at 
times, been hindered. Even obviously simple problems, such 
as nomenclature, were made difficult because of individual 
prejudices. Fortunately, truth finally prevails and the best ideas 
supervene. However, much time and effort is required before 
the truth is recognized, as is well exemplified by the history of 
the development of the clinical use of the precordial leads.” 


Clinical Electrocardiography: A Textbook, Fourth Edition. Antoni Bayés de Luna. 


© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd. 
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Figure 4.1 Cardiovascular magnetic resonance imaging (CMR). (A) Transections of the heart following the classical human body planes: 
(1) frontal plane, (2) horizontal plane, and (3) sagittal plane. (B) Transections of the heart following the heart planes that cut the body 
obliquely. These are the planes used by cardiac imaging experts: (1) short-axis (transverse) view, in this case at mid-level; (2) horizontal 
long-axis view; (3) vertical long-axis view (oblique sagittal-like). Note the difference between the sagittal plane according to human 
body planes (A3) and the heart planes (B3). (B) Images show the four walls of the heart, septal (S), anterior (A), lateral (L), and inferior 

(I) (previously known as posterior wall is now the inferobasal segment) (Cerqueira 2002; Bayés de Luna 2006a; Bayés de Luna and 
Fiol-Sala 2008). 


G shape 


C shape 
28% 67% 


Figure 4.2 Sagittal-oblique view in a normal body build subject (A) (“G shape”), in an obese man with horizontal heart (B) (“C shape”), 
and a very lean subject (C) (“V shape”). We have found that the inferior wall does not bend upward in the C shape (two-thirds of cases) 
and is just slightly posterior in the basal part in 28% of cases (A). Only in very lean individuals with a “U shape” is the largest part of the 


diaphragmatic wall posterior (5% of the cases) (U shape) (5%). 


It has been clearly demonstrated (Bayés de Luna et al. 
2006a, 2006b, 2008; Cino et al. 2006; Rovai et al. 2007; Bayés 
de Luna 2008a, 2008b; Bayés de Luna and Fiol-Sala 2008; 
Van der Weg et al. 2009) that the correlation of ECG with 
the “in vivo” anatomy provided by CE-CMR supports 
this new terminology and the correlation of Q wave myo- 
cardial infarctions with these four walls: septal, anterior, 
lateral, and inferior (see Chapters 13 and 20). 

The four walls may be projected onto three heart 
planes: the short axis (transverse), the vertical long axis 
(sagittal-like), and the horizontal long axis, both in CMR 
imaging (Figure 4.1) and isotopic studies (Colour Plate 1), 
in addition to echocardiography. These four walls are 
divided into 17 segments (Figure 4.4), represented in 
Figure 4.5 in the form of a target. Figure 4.6 shows the 
perfusion that the different segments receive from the 
coronary arteries (B-D). It is important to point out that 


there are some variants in coronary flow distribution as a 
result of anatomical variants in the coronary arteries. In 
80% of cases, the left anterior descending (LAD) artery is 
long and wraps around the apex, and in around 80% of 
cases, the right coronary artery (RCA) dominates the left 
circumflex artery (LCX). Colour Plate 2 shows the normal 
coronary arteries detected with a multislice scanner. 

The left ventricle may be divided into two zones 
(Figure 4.6): the inferolateral zone encompassing the 
inferior wall, some of the lower part of the septal wall, 
and nearly all of the lateral wall, which is perfused by the 
RCA artery and LCX, and the anteroseptal zone encom- 
passing the anterior wall, an important section of the 
anterior part of the septal wall and a small part of the 
mid-low lateral wall, which is perfused by the LAD 
artery. The lateral wall is therefore perfused mainly by 
the LCX and partially by the LAD and RCA. Although 
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Figure 4.3 Magnetic resonance 
imaging. (A) Thoracic horizontal 
axial plane at the level of the “xy” 
line of the sagittal plane of right 
side of the figure. The four walls 
can be adequately observed: 
anterior (A), septal (S), lateral (L), 
and inferior (I), represented by 
the inferobasal portion of the wall 
(segment 4 of Cerqueira state- 
ment) that bends upwards in this 
case. (B) Sagittal plane following 
the line seen in A (asterisk). 

B, M, and A, basal, middle, and 
apical plane (see Figure 4.4). 
DAo=descending aorta; RA=right 
atrium; RV=right ventricle. 
A, S, I, L (see Fig. 4.1). 


Figure 4.4 (A) Segments into which the left ventricle is divided according to the transverse (short-axis) sections performed at the 

basal (B), medial (M), and apical (A) levels. The basal and medial sections delineate into six segments each, while the apical section shows 
four segments. Together with the apex, they constitute the 17 segments into which the left ventricle can be divided, according to the 
classification performed by the American Imaging Societies (Cerqueira 2002). Also shown is the view of the 17 segments with the heart 
open in a horizontal long-axis plane (B) and vertical long-axis (sagittal-like) plane (C). RV=right ventricle. 


the anteroseptal zone is perfused by the LAD, this artery 
often also supplies blood to the low apical part of the 
inferior wall (long LAD wrapping around the apex). The 
RCA perfuses the inferior wall, predominantly the mid- 
inferior part of the wall, the lower part of the septum 
and, in cases of evident RCA dominance, the entire infe- 
rior wall and part of the lateral wall. It also shares the 
perfusion of the right ventricle with the LAD. The LCX 


supplies blood to the inferolateral zone, especially the 
inferobasal part of the inferior wall and the lateral wall 
by its branch, the oblique marginal (OM) artery. The 
areas perfused by coronary arteries with the areas of 
shared perfusion are shown in Figure 4.6. The atria are 
perfused by a branch that usually stems from the LAD 
proximal part and the AV node receives perfusion mainly 
from the RCA (90%). 
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Figure 4.5 Images of the segments in which the left ventricle is divided according to the cross-sections at the basal, medial, and apical 
levels. Bear in mind that in this image the heart is located in the thorax strictly in a posteroanterior position. Segment 4 (inferobasal) 
corresponds to the classically named “posterior wall.” The basal and middle sections delineate into six segments each, while the apical 
section shows four segments. Note in the middle section the location of the papillary muscles. On the right all 17 segments are shown in 
the form of a polar map (“bull’s eye”), just as represented in isotopic images. 


Figure 4.6 According to the anatomical variants of coronary circulation, the areas of shared variable perfusion are shown in gray (A). 
The perfusion of these segments by the corresponding coronary arteries (B-D) can be seen in the “bull’s-eye” images. For example, the 
apex (segment 17) is usually perfused by the LAD but sometimes by the RCA, or even the LCX. Segments 3 and 9 are shared by LAD 
and RCA, and also small part of mid-low lateral wall is shared by LAD and LCX. Segments 4, 10 and 15 correspond to the RCA or the LCX, 
depending on which of them is dominant (the RCA in >80% of the cases). Segment 15 often receives blood from LAD. (E) Correspondence 
of precordial ECG leads to the bull’s-eye image. D1: first diagonal branch; LAD: left anterior descending coronary artery; LCX: left 
circumflex coronary artery; OM: obtuse marginal branch; PB: posterobasal branch; PD: posterior descending coronary artery; PL: 


posterolateral branch; RCA: right coronary artery; S1: first septal branch. 


The entire atrial tissue presents a significant vagal 
innervation greater than that of the ventricles. This 
explains the importance of the vagus in triggering cer- 
tain episodes of atrial fibrillation (see Chapter 15). In 
ventricular myocardium, the sympathetic fibers run 
along the coronary arteries and penetrate periodically 
into the subepicardium. The vagal fibers are present 
mainly in the subendocardial zone (Zipes and 
Jalife 2004). 


The specific conduction system: perfusion 
and innervation 

The SCS consists of the sinus node, the internodal 
conduction pathways, the AV junction, and the intraven- 
tricular conduction system (Figure 4.7). 


Sinus node 
The sinus node (Figure 4.7) is a small structure of the SCS 
located at the junction of the superior cava vein with the 
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Figure 4.7 Right lateral (A) and 
posterior-superior (B) views of the 
specific conduction system. 1, 2 and 3: 
internodal tracts; 4: AV node; 5: bundle of 
His; 6: left branch; 7: right branch with its 
ramifications; Ao: aorta; AVN: AV node; 
CS: coronary sinus; FO: fossa ovalis; IVC: 
inferior cava vein; SN: sinus node; SVC: 
superior cava vein. 
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Figure 4.8 Structure of the AV junction extending further than 
the AV node (the compact node). The zone shaded in gray is 
included in the AV junction, and may be involved in the reentry 
circuits exclusive to the AV junction: CFB: central fibrous body; 
CN: compact AV node; BHP: bundle of His—penetrating portion; 
BHR: bundle of His—ramifying portion; LB: left branch; RB: right 
branch. Slow conduction (œ) and rapid conduction (B) pathways; 
1-4: entry of fibers of internodal pathways into the AV node: NH: 
nodal-His transition zone; CS: coronary sinus. 


right atrium. Of all the SCS structures, the sinus node 
contains the greatest amount of automatic cells (P cells). 
Therefore, it is the normal site of generation of dominant 
pacemaker impulses: the sinus rhythm. It is traversed by 
the sinus node artery that perfuses it, which originates 
from the RCA or the CX artery (approximately 50%). 

The sinus node is innervated by vagal and sympathetic 
fibers, which are responsible for the physiological changes 
of the heart rate 24 hours a day (emotions, exercise, rest). 


Internodal tracts (Josephson 1978; Holmqvist 

et al. 2008) 

The sinus impulse emerges to the atria at three places cor- 
responding to the onset of three preferential internodal 
pathways, named Bachmann, Wenckebach, and Thorel, 
and is transmitted toward the AV node mainly through 
them. These pathways are not true bundles but rather 
simpler pathways that facilitate a more rapid internodal 
conduction. In most cases, the first activation of the left 
atrium takes place in the upper/mid part of the septum, 
most often through Bachmann’s tract. 


Bachmann bundle 


Atrioventricular junction (Wu et al. 1978; Inoue 
and Becker 1998; Katritsis and Becker 2007) 

The term atrioventricular (AV) junction should be applied 
to the entire area encompassing the compact AV node, the 
specialized tissue of the low atrium close to the AV node 
and up to the coronary sinus, and the tissue from which 
His potentials are recorded on the atrial side of the fibrous 
skeleton (the proximal part of the bundle of His, the NH 
area). The internodal tracts come into contact with the AV 
node in four areas, two supero-left and two infero-right 
(Figure 4.8). The AV junction is followed by the bundle of 
His in which fibers are arranged in a parallel and linear 
fashion. The left branch detaches from the bundle of His, 
and the straight fibers give rise to the right branch (Figures 
4.10 and 4.11). 

The function of the AV junction is to transmit cardiac 
impulses from the atria toward the ventricles, with some 
delay in the impulse conduction. This is mainly because 
of the predominant presence of transitional cells in the AV 
junction and in the compact AV node itself. 

The blood perfusion of the AV node usually (>90%) 
originates from a branch of the RCA, the atrioventricular 
nodal branch. 

With regard to innervation, there is a varied network of 
vagal (cholinergic) fibers and sympathetic (adrenergic) 
fibers. This AV node network, in particular vagal innerva- 
tion, is present to a greater extent than in the ventricles. 


The intraventricular conduction system 
(Rosenbaum et al. 1968; Uhley 1973; 

Cassidy et al. 1984) 

The bundle of His is divided into two branches: the right 
and the left bundle branches. 


The right bundle branch 

At the level of the right anterior papillary muscle, several 
branches arise that usually divides in two selectively 
delimited Purkinje areas: the superoanterior region and 
the inferoposterior regions (Figure 4.7A). 
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The left bundle branch 
The trunk of the left bundle branch (5-7 mm in length) is 
divided into two anatomically well-defined fascicles—the 
superoanterior and the inferoposterior (Rosenbaum et al. 
1968). This division explains why the intraventricular 
conduction system is generally considered a trifascicular 
system (Figure 4.9A,B). 

The longer and narrower superoanterior (SA) division 
follows the left ventricular outflow tract until the left 


Ste 


Superoanterior 
: Figure 4.9 (A) Diagram of the 
intraventricular conduction system, 
starting at the AV node with its 
network cells, and the bundle of His 
with its parallel fibers moving toward 
the right or the left branches. The latter 
is divided into two fascicles: superoan- 
terior and inferoposterior. See also the 
Purkinje network. (B) Left ventricle 
closed (trifascicular concept). (C) Left 
lateral view of LV: see the superoante- 
rior (SA) division (1), the inferoposte- 
rior (IP) division (2) and the middle 
fibers (3) (quadrifascicular theory) or 
rather a quadruple input of ventricular 
activation theory. (D) The open left 
ventricle shows the three points of 
LV activation according to Durrer 
(see text). SAD and IPD = superoante- 
rior and inferoposterior division 
of the LB. 
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Figure 4.10 (A) Microphotography 
of a sarcomere where actin and 
myosin filaments are observed (see 
B-3). (B-1) Structure of the cellular 
membrane (or sarcolemma) 
showing an ionic channel. (B-2) 
Section of a myocardial contractile 
cell including all different elements. 
(B-3) Enlarged sarcomere scheme. 


anterior papillary muscle base is reached, whereas the 
shorter and wider inferoposterior (IP) division leads to 
the base of the posterior papillary muscle, an area 
where less hemodynamic stress exists (Figure 4.9B). 
Consequently, an isolated injury in the inferoposterior 
division is much less frequent. 

Between the two fascicles there are middle fibers that 
usually form a network, although its distribution is not 
uniform, configuring at times into a bundle (30% of cases) 
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Figure 4.11 (A) Molecular composition of 
the cellular membrane, comprising a lipid 
bilayer where the different ionic channels are 
embedded, with pores. (B) Schematic 
composition of an ionic channel with its 
domains, each of which comprises six 
segments. (C) The domains are displayed. A 
voltage sensor is found in segment 4 of each 
domain. See also the ball-and-chain mecha- 
nism for channel inactivation (*). 


loops 


(Uhley 1973; Demoulin et al. 1975; Kulbertus et al. 1976) 
(Figure 4.9C). The ventricular quadrifascicular or quadru- 
ple input of ventricular activation theory is based on the 
existence of these fibers (right bundle branch, SA and IP 
divisions of the left bundle branch, and middle fibers). This 
theory is supported by Durrer et al. (1970), who demon- 
strated that left ventricular activation starts at three distinct 
points in the left ventricular endocardium (Figures 4.11D). 
Two are part of the papillary muscles receiving the electri- 
cal impulse through the aforementioned divisions, and the 
third is located in the middle anterior septal region, approx- 
imately where the middle fibers are located (Figure 4.9C). 


The Purkinje network 

The Purkinje network (Figure 4.9A) is formed by Purkinje 
fibers and occupies the entire area connecting the SCS with 
the ventricular subendocardium. The excitation—contraction 
coupling process takes place throughout this network. 


Blood perfusion 
Blood perfusion of the intraventricular conduction system 
takes place as follows (Bayés de Luna and Fiol-Sala 2008): 
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(1) the right bundle branch and the SA division of the left 
bundle branch are supplied by the LAD coronary artery; 
(2) the IP division of the left bundle branch receives a dual 
blood supply (septal branches of the LAD artery and 
branches of the RCA, or sometimes the CX artery; and 
(3) the trunk of the left bundle branch also receives a dual 
blood supply (LAD and RC arteries). 


Ultrastructural characteristics 

of cardiac cells 

There are two types of cells in the heart: cardiac contractile 
cells, responsible for cardiac pump function, and specific 
conduction system (SCS) cells, which are in charge of the 
impulse formation (automaticity) and impulse transmis- 
sion to the contractile myocardium, initiating excitation- 
contraction coupling. 


Contractile cells 

Contractile myocardial cells, having no automatic 
capacity, are long and narrow and include three compo- 
nents with specific functions: activation/relaxation, 
contraction, and mitochondrial. 
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Activation/relaxation system 

This is made up of the following structures: 

e The cellular membrane, or sarcolemma, is a structure 
formed by two lipid layers, along which there are holes 
called ion channels with a radius of about 3.5A. The flow 
of different ions across the cell membrane takes place 
through these channels, which are macromolecular struc- 
tures located in the bilipid layer of the cell membrane 
(Figure 4.10B-1). The channels through which Nat, Ca”, 
and K* ions flow have a similar, but not identical, basic 
macromolecular structure. Figure 4.11 shows the Na* 
channel involving four domains of six segments each. 
These four domains assemble by wrapping around 
themselves so that the pore zones of each individual 
domain stay in the center, forming the central channel 
pore (Figure 4.11). Ca™ and K* channels have a similar 
structure to Na* channels but with small changes in the 
central pore and in the connection of the four domains. 


i 


Figure 4.12 (A) P cells. 

(B) Purkinje cells. (C) Purkinje cells 
show many intercalated disks 
(G1-G5). (D) Transitional cells 
show few intercellular 

connections (G). 


e In the transverse tubular (T) system (Figure 4.10B-2) 
the cell membrane invaginates into the sarcomeres at 
the Z band level to promote electrical excitation inside 
the cell. 

e The sarcoplasmic reticulum (Figure 4.10B-2) is where 
the calcium necessary for cell contraction is to be found. The 
sarcoplasmic reticulum is a specialized structure through 
which the T system comes into contact with the sarcomere. 


The contractile system 

This is organized into sarcomeres (Figure 4.10A,B-3). It is 
the contractile unit of myocardial cells, as well as the basic 
component of myofibrils. Myofibrils are interconnected 
through intercalated disks (Figure 4.10B-2). 


The mitochondrial system 
The mitochondrial system (Figure 4.10B-2) provides 
energy to the cells. 
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Specific cells 

There are three types of non-contractile specific cells: 
P cells, transitional cells, and Purkinje cells (Figure 4.12) 
(Martinez-Palomo et al. 1970; Eriksson and Thornell 1979). 
e P cells have a polyhedric morphology with no interca- 
lated disks (slower conduction) and are principally 
clustered at the center of the sinus node. They are also 
present in the AV node, particularly at the lower part, in the 
junction area with the bundle of His (nodal-His (NH) zone). 
e Transitional cells constitute a group of heterogeneous 
long and narrow cells interposed among the P cells, the 
Purkinje cells, and the contractile cells. They have a slower 
conduction due to their structure (long and narrow). They 
are usually present in the sinus node as well as in the AV 
node, the bundle of His and the Purkinje—muscle junction. 
e Purkinje cells are short and wide cells aligned linearly 
with many intercalated disks (faster conduction) and are 
frequently found in the bundle of His and bundle branches, 
including the divisions of these branches (Purkinje network) 
(see Figure 4.9). They are also found around the two nodes. 
They are mainly present at the NH zone of the AV node, 
leading to a faster conduction in this area compared to the 
superior and central areas of the AV node. They are also pre- 
sent in the internodal bundles, although less numerously. 
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Chapter 5 


The Electrophysiological Basis 
of the ECG: From Cell Electrophysiology 


to the Human ECG 


Types of cardiac cells: slow and fast 
response cells (Hoffman and 
Cranefield 1960) 


From an electrophysiological point of view, the cardiac cells 
previously discussed may be grouped into two different 
categories (Figures 5.1 and 5.2): (1) automatic slow response 
cells (the sinus node P cells and, to a lesser extent, some 
of the atrioventricular (AV) junction cells) and (ii) fast 
response cells (contractile cells being the prototype of these 
cells). Purkinje cells are considered fast response cells, 
but they also have some automatic potential (Figure 5.2). 
Transitional cells, as the name suggests, display an inter- 
mediate transmembrane action potential (AP) between 
the contractile cells, the Purkinje cells, and the P cells. 

The electrophysiological characteristics during the 
diastole, or resting phase (transmembrane diastolic 
potential (DP)), and the systole, or activation phase 
(depolarization plus repolarization—AP) of each cell type 
are different. This explains why one type of cell has an 
automatic behavior while the other type does not. Figures 
5.1-5.3 show the different characteristics of fast and slow 
response cells. A distinctive characteristic of these cells is 
how they recover excitability; in rapid response cells, 
recovery is voltage-dependent, while in slow response 
cells, recovery is time-dependent. 


Transmembrane diastolic potential (DP) 

Contractile cells are polarized during the diastolic phase. 
This means that there is a balance between the positive 
charges outside the cell (Na*, Ca and, to a lesser extent, 
K*) and the negative charges inside the cell (mainly, the 
non-diffusible anion negative charges [A7], which 
outnumber the K* ion, the most important positive 
intracellular ion (Figure 5.4A). When two separate micro- 
electrodes are placed on the external surface of a contrac- 
tile cell in the resting phase, a horizontal line is recorded 
(baseline line at zero level), suggesting that there is no 
potential difference on the cell surface. However, if an 


electrode is placed inside the cell, the recording will 
shift downwards (Figure 5.4B), showing the potential 
difference between the outside (+) and the inside (-) of 
the cell. In contractile cells, this line, called the TDP, is 
stable (rectilinear phase 4) at -90mV (Figures 5.1-5.4). 
Contractile cells show an equilibrium between inward 
diastolic currents of Na*Ca* (I,,) and an outward K* cur- 
rent (Iœ). This explains why DP is not modified and 
remains stable. Here, DP does not reach the threshold 
potential (TP) («-70 mV) by itself, but requires the impulse 
to be delivered by a neighboring cell (Figure 5.5). 

The automatic cells of the SCS have a DP (phase 4) 
with an initial value of —70mV. In this case, the inward 
diastolic current of Na and Ca (I) remains stable and 
rapidly inactivates the outward current of K (I) (Figure 
5.2C). This initiates an ascending slope line, which rises 
to reach the TP by itself («-55mV). Therefore, the down- 
ward K* conductance (gą) and the upward Na* and Ca* 
conductances (guaca) cross over, initiating the automatic 
formation of the AP (Figures 5.1-5.3). 


Transmembrane action potential 

The transmembrane action potential (AP) was first 
recorded in 1951 by Weidman and Draper, and has 4 
phases: phase 0, depolarization, and phases 1, 2 and 3, 
repolarization. 

We will first discuss the concept of a dipole. The term 
“dipole” is applied to a pair of electrical charges, (+—) or 
(—+), that separate a positively charged zone of the cell 
surface from a negatively charged zone. This pair of 
charges exists during depolarization and repolarization, 
but not when these processes are completed. An electro- 
cardiogram (ECG) records differences in potential between 
the positive and negative zones. These differences in 
potential can be expressed using a vector departing from 
the negative charge and heading toward the positive 
charge. In this way, a vector shows a magnitude calculated 
using the differences of potential between the head of the 
vector (+) and the tail (—) (Figure 5.6). The vector is recorded 
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—80 4 


Figure 5.1 Transmembrane diastolic or resting potential (DP) 
and transmembrane action potential (AP) of contractile (A) and 
automatic (B) cells. Of particular note is the difference with regard 
to the DPs, which are rectilinear and far from zero in contractile 
cells and ascending and closer to zero in automatic cells. Only 
when the stimulus reaches the threshold potential (TP), after it is 
excited by a neighboring cell (a in A) or because it features an 
automatic capacity (B), is a AP generated. Note how in the rapid 
response cells (with no automatic capacity) a stimulus not 
reaching the TP (b and c in A) do not generate a AP (see box). 


as a positive or negative deflection according to whether 
the exploratory electrode faces the head or tail of it regard- 
less of whether the phenomenon (+) is approaching or 
departing from the recording electrode (Figure 5.9). 


Depolarization (phase 0) 

The onset of phase 0 occurs both in automatic and con- 
tractile cells when the intersection of conductances 
(Sw Swaca) (Figure 5.3) occurs at the TP level. This level in 
automatic cells is lower than in contractile cells (about 
-55mV vs. -70 mV) (Figures 5.1 and 5.3). 

In the fast response cells—contractile cells—the DP is 
-90mV and is stable because during diastole there is an 
equilibrium between the inward NaCa currents (I,,) and 
the outward K currents (I,,) (Figure 5.2A). (Note: The 
voltage clamp technique is used to analyze ionic changes 
at different voltage levels; Coraboeuf 1971.) When the DP 
receives a propagated impulse with sufficient strength to 
reach the TP, a AP is initiated. The AP in these cells is 
abrupt in the initial phase (start of phase 0) because the 
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Figure 5.2 Ionic current passing through the cellular membrane 
(CM) in a contractile cell (fast response cell) (A), Purkinje cell (B), 
and automatic cell (slow response cell) (C) during systole and 
diastole. During diastole the I, current is constant in contractile 
cells (A), but not in Purkinje cells (B) (represented by a reduction 
of the arrow thickness in the I, current). The outward K current 
(I,) in automatic cells is even more rapidly inactivated by the 
inwards I, current (greater reduction or even disappearance, 
broken arrows representing the I current (C) ). In a fast response 
cell (contractile cell) (A), the DP is stable during diastole, and the 
NaCa current (I,,) does not predominate over the K current. This 
explains why in this case I, and I, arrows generally have the 
same size. The ionic currents of automatic and contractile cells 
during systole seen in more detail in Figure 5.3. 


DP is far from zero (-90mV). According to what we 
already know about the membrane response curve, the 
AP ascending velocity is greater when the DP is far from 
zero (Figures 5.1 and 5.7). 
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Figure 5.3 The most relevant ionic currents in automatic (A) and 
contractile (B) cells during systole. Contractile cells are characterized 
by an early and abrupt Na* inward flow and an initial and transient 
K* outward flow (I,,). These are not present in automatic cells. 
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Figure 5.4 (A) The predominant negative charges inside the cell 
are due to the presence of significant non-diffusible anions which 
outweigh the ions with a positive charge, especially K*. (B) Two 
microelectrodes placed at the surface of a myocardial fiber record 
a horizontal reference line during the resting phase (zero line), 
signifying no potential differences on the cellular surface. When 
one of the two electrodes is introduced inside the cell, the 
reference line shifts downwards (—90 mV). This line (the DP) is 
stable in contractile cells and has a more or less ascending slope 
in the specific conduction system cells. 


This first phase of the AP, the abrupt rise of phase 0 in 
the fast response cells, corresponds to the QRS recording 
in the clinical ECG (Figure 5.8). It does not occur 
spontaneously because the fast response cells have a 
stable (contractile cells) or a slightly ascending (Purkinje 
cells) DP. It only initiates when the impulse delivered by 
the automatic cells triggers the abrupt Na‘ entrance of an 
inward Na* current, and the first part of AP is formed 
(Figures 5.1 and 5.3). 

At the end of phase 0 in contractile cells (fast response 
cells), depolarization has already occurred as the result of 
the initial abrupt inward Na* current into the cell (rapid 
Na‘ channels), followed by a slow inward Ca™Na* current 
(slow channels). Simultaneously, a transient and brief out- 
ward K* current (I) occurs (Figures 5.2A, 5.3B, and 5.8). 

At some moment at the beginning of phase 0, in the 
contractile cell the dominant Na* inward and later Na*Ca** 
inward currents induce the presence of negative charges 
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Figure 5.5 Sinus node AP (A) transmitted to the AV junction (B), 
the ventricular Purkinje (C) and ventricular muscle (D). 
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Figure 5.6 A vector is the magnitude expression of the difference in 
potential between the head (+) and the tail (—) of a dipole (see text). 
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Figure 5.7 Membrane response curve. The dV /dt response depends 
on the transmembrane diastolic potential (DP) at each time point. 
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Figure 5.8 Diagram of the 


electro-ionic changes occurring 


during cellular depolarization 
and repolarization of contrac- 


tile myocardium cells. In phase 


0, when the Na inward flow 
occurs, the depolarization 
dipole (—+) is formed. In phase 
2, when an important and 
constant K outward flow is 
observed, the repolarization 
dipole is formed (+-). 
Depending on whether we 
examine a single cell or the 
whole left ventricle, a negative 
repolarization wave (broken Int. 
line) or a positive repolariza- Cel. 
tion wave (continuous line) 

is recorded respectively 

(see text). Ke 


Ext. Cel. 


Cel. Mem. 


(~ Sare. 
Ret. 


outside the cell, producing in some place outside the cell 
a pair of charges (—+), known as the depolarization 
dipole (Figure 5.8). The depolarization dipole has a vector 
expression, the head of the vector being located on the 
positive side of the dipole. 

Cell depolarization can be compared to a wave 
(Figure 5.6B) with positive charges at the crest and at 
the front and negative charges behind. As the wave 
advances, it leaves behind a wake of negative charges 
(Figures 5.8 and 5.9A). The pair of charges (—+), or 
dipole, may be considered the reflection of the depolari- 
zation wave. The dipole determines the recording of 
positive potentials at the points (electrodes) facing the 
dipole’s positive charge, or vector head (i.e. electrode A 
in Figure 5.9A), and negative potentials at the points 
facing the negative pole of the dipole, or vector tail 
(Figure 5.9B). 

The electrodes that face first the positive charge of the 
dipole and then the negative charge record a positive- 
negative deflection known as a diphasic deflection. The 
deflection becomes isodiphasic if the positivity equals the 
negativity, that is, when the electrode is confronted with 
the positive and negative charges of the dipole for the 
same span of time (Figure 5.9A-2). The complex is diphasic 
with positive predominance when the electrode faces 
the positive pole (head of the vector) longer than the 


negative pole (tail of the vector) (Figure 5.9A-3). 
Conversely, the diphasic complex is predominantly 
negative when the electrode faces the dipole negativity 
longer than the positivity (Figure 5.9A-1). The size of 
the deflections recorded depends on the magnitude of 
the dipole (vector) and the location with respect to the 
recording electrode (see later—Figure 6.15). 

The AP originates in the automatic cells at the 
moment DP reaches TP and has a slow rising rate and 
less abrupt phase 0 rise. This is because depolarization 
occurs essentially through the Na and Ca slow channels 
(Isi) (Figures 5.2 and 5.3), because in automatic cells the 
initial DP is lower, or closer to zero (Figure 5.1), and the 
dV/dt of the response is slower, according to the mem- 
brane response curve (Figure 5.7). 


The vector (>), the expression of the depolarization 
dipole (—+), has a magnitude and a direction (head of the 
vector), while the phenomenon of depolarization has a 
sense of movement (m+). The arrow tip, the vector head, 
represents the positive pole of the dipole. The head of the 
vector during depolarization is the same as the sense of 
movement of the depolarization phenomenon. Conversely, 
the head of the vector during cellular repolarization is 
contrary to the sense of the cellular repolarization 
phenomenon (see below) (Figure 5.9B). 
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Repolarization (phases 1, 2, and 3) 


In contractile cells 
In contractile cells (Figures 5.1A and 5.8), the end of depo- 
larization and the onset of repolarization correspond to 
phase 1 and the initial part of phase 2 of the AP. This phase 
corresponds to the J point and the onset of the ST segment 
in the clinical ECG. 

At some point during phase 2 of the AP, the ionic per- 
meability of the membrane for K* and Na*Ca* coincides 
with the intersection of the Na*Ca** and K* conductances 
(g) (conductance (g) represents an inverse value of the 
membrane resistance against an ion flow) (Figure 5.3— 
see arrows). This corresponds to the isoelectric ST seg- 
ment in the ECG (Figure 5.8). When the K* outflow is 
greater than the Na* inflow, a repolarization dipole (or 
pair of +— charges) is formed outside the cell. Like the 
depolarization dipole, the vector expression of the repo- 
larization dipole shows the vector head to be located at 
the positive part of the dipole (Figure 5.9). 

Under normal conditions, the first area of the cell to 
complete repolarization is the area that was first depolar- 
ized (Figure 5.9B). The repolarization dipole is formed 
when the part of the cell far from the electrode (A) is 
already repolarized. This occurs in the second half of 
phase 2 (in Figure 5.9, the area opposite to electrode A). 
Cell repolarization can be expressed by a dipole with its 
negative pole facing the electrode (A). 

At the end of phase 2, K* outflow predominates; Ca” 
and Nat inflow is progressively smaller and finally termi- 
nates at the beginning of phase 3. With this ionic move- 
ment in which the outflow of positive charges is dominant, 
intracellular negativity and extracellular positivity are 
completely restored, so that at the end of phase 3, the 
polarity of the cell membrane is identical to that at the 
onset of phase 0. During phase 3, repolarization is faster. 
This explains why the repolarization dipole advances 
more quickly toward the exploring electrode. 

The repolarization dipole determines the recording of 
a positive potential at those points facing the positive 


the dipole vector theory. (A) Cellular depolarization; 
(B) cellular repolarization (see text). 


charge of the dipole, that is, the head of the vector of 
repolarization, and a negative potential at the points 
facing the negative dipole charge, the tail of this vector. 
The point confronted first by negativity and then 
by positivity records a negative—positive reflection 
(Figure 5.9B-2). 

Phase 3 corresponds to the downstroke of the AP 
curve and the T wave of the ECG (Figure 5.8). Since repo- 
larization occurs progressively faster, the downstroke of 
the T wave has a steeper slope than the upstroke in the 
human ECG. 

In the last part of phase 2, and especially in phase 3, as 
we already said, when the ECG T wave is recorded the 
K* outflow is quite significant and Na*Ca” can no longer 
enter. Thus, at the end of phase 3, the electric polarity of 
the cell membrane is identical to that at the end of phase 
4 (start of phase 0), with the DP at -90 mV. However, the 
ionic conditions are not the same as those observed at 
the beginning of the AP: there are increased levels of Na* 
and Ca% inside the cell, while the K+ level decreases. 
This ionic imbalance is corrected at the beginning of 
phase 4 through an active mechanism (ionic pump) 
(Figure 5.8). 


The repolarization dipole can also be represented by a 
vector with its head oriented toward the positive charge 
of the dipole. Although the sense of the repolarization 
phenomenon is approaching the electrode in an isolated 
cell (B in Figure 5.9), this electrode faces the vector tail 
(Figure 5.9B), resulting in the recording of a negative 
wave (negative T wave in the normal cell electrogram). 
In the human ECG the T wave is positive (see later). 


In slow response cells 

In slow response cells (automatic cells), the repolariza- 
tion shows an ionic mechanism similar to that of fast 
response cells (contractile cells), such as an ion outward 
K* current, although this ionic current is less important 
and less persistent. As a result, phase 1 does not occur in 
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this case, and phases 2 and 3 are shorters (Figure 5.1B 
and 5.2C). 


Properties of cardiac cells 


Automaticity 
Automaticity is the capacity of some cardiac cells to 
produce stimuli that may propagate to neighboring cells. 
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Figure 5.10 Cellular excitability phases and refractory periods 
in cells where excitability recovery is voltage-dependent (rapid 
response). During the absolute refractory period (ARP) there is 
no response. At the end of this period there is a response zone with 
local potentials (A) called the effective refractory period (ERP). 
At the end of this period a propagated response zone is initiated, 
but only when suprathreshold stimuli are applied (B); this is the 
relative refractory period (RRP), which corresponds to the zone 
of response to suprathreshold stimuli. The total recovery time 
(TRT) is equivalent to the ERP + RRP. At the end of the RRP a 
normal response is initiated (C), corresponding to a AP with a 
morphology equal to basal morphology. 


As previously discussed, automatic cells with an ascend- 
ing TDP (phase 4) are slow response cells. The impulse 
received from these cells by the neighboring contractile 
cells cause an abrupt Na* inward current through the 
rapid channels—rapid response cells with a stable TDP— 
and trigger the AP of these cells (contractile and Purkinje 
cells) (Figures 5.2 and 5.3). 

Under normal conditions, the sinus node is the structure 
showing the greatest automaticity, followed by the AV 
node and, to a lesser degree, the ventricular Purkinje 
network (Figure 5.5). The increased or decreased 
automatism in the sinus node and other automatic cells, 
as well as the ventricular contractile myocardium, 
explains many active (tachycardias and premature 
complexes) and passive (sinus bradycardia and escape 
rhythm) rhythm disturbances (see Chapters 15-17). 


Excitability 

Excitability is the capacity of all cardiac cells (both 
automatic and contractile) to respond to an effective 
stimulus. Automatic cells excite themselves (spontaneous 
and active excitation), while contractile cells respond to a 
stimulus that has been propagated from an automatic cell 
(Figures 5.5-5.11). 


Refractory period 

After excitation, all myocardial cells require a certain 
amount of time to restore their excitability (refractory 
period). Recovery of excitability in rapid response cells is 
reached at a certain voltage level and correlates with the 
final part of the AP (phase 3) (voltage-dependent recovery 
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Figure 5.11 Diagram of the morphology 
of the AP of the different specific 
conduction system structures as well as 
the different conduction speeds (ms) 
through these structures. Below is an 
enlarged depiction of the PR interval 
with a hisiogram recording. HRA: High 
right atria; HBE: ECG of the bundle of 
His; PA: from start of the P wave to the 
low right atrium; AH: from low right 
atrium to the bundle of His; HV: from the 
bundle of His to the ventricular Purkinje. 
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Table 5.1 Differences between rapid response and slow response cardiac cells 


Rapid (fast) response cells 


Slow response cells 


Location 


Level of the DTP (diastolic 
transmembrane potential) and types 
of DTP (stable or unstable) 


Threshold level 

Phase 0 upstroke 

Height of Phase 0 

Conduction speed 

Fast sodium channels 

Slow channels, mainly for Ca? 
(and some Na+) 

nhibition of depolarization 


Duration of the effective refractory 
period (and consequently, recuperation 


ainly atrial and ventricular muscle and 
intraventricular conduction system 

From -80 to -95 mV. The DTP is stable in 
contractile cells, but in the His-Purkinje cells 
there is a slight diastolic depolarization and the 
DTP is not completely stable 

About -70 mV 

Rapid 

High, reaches +20 to +40 mV 

Rapid (0.5-5 m/s) 

Present 

Present 


By tetradotoxin (puffer fish toxin), which inhibits 
fast Na channels 

AB = Somewhat inferior to TAP duration 
(voltage dependent recuperation of excitability) 


Sinus node, and to a lesser degree, AV node and 
mitral and tricuspid rings 

About -70 mV at onset. The DTP is unstable, 
presenting an ascendant curve which is 
characteristic of the automatic structures (sinus 
node, etc.) 

Less than -55mV 

Slow 

Low, reaches 0 to +15mV 

Slow (0.01-0.1 m/s) 

Absent 

Present 


Manganese, cobalt, nickel, verapamil, etc., which 
inactivate slow Ca-Na channels 

AB = Superior to TAP duration (time-dependent 
recuperation of excitability) 


of excitability). AB = Distance after 
depolarization, during which the cell is 


unexcitable 
AB 


of excitability), while in slow response cells the recovery 
of excitability is time-dependent. This means that excita- 
bility is not restored when phase 3 reaches a certain 
level, but rather when a certain period of time has elapsed, 
usually longer than that of the TAP (Table 5.1). 

In cells with voltage-dependent recovery of excitability, 
four phases of refractoriness are typically observed, which 
correlate with different parts of the TAP (Figure 5.10): 

e The phase of total inexcitability, regardless of how great 
the stimulus applied is, corresponds to the absolute refrac- 
tory period (ARP) and covers great part of the systole. 

e The phase of local potentials is a very short period dur- 
ing which potentials are initiated in the cell but are not 
able to propagate. The effective refractory period (ERP) 
of the cell corresponds to the sum of the ARP and the 
phase of local potentials (A in Figure 5.10). 

e The phase of partial excitability, which corresponds to 
the end of AP phase 3, occurs when suprathreshold 
stimuli are required to produce the propagated response. 
This phase corresponds to the relative refractory period 
(RRP) of the cell. The sum of the ERP and the RRP corre- 
sponds to the total recovery time (Figure 5.12). 

e The phase of supernormal excitability (PSE) takes place 
at the end of the AP and at the start of diastole (phase 4). 
During this period the cells respond to infrathreshold 
stimuli (Figure 5.13). 

In an area or tissue of the SCS, the functional and 
effective refractory period is measured through the appli- 
cation of increasingly premature atrial extra-stimuli 
(Bayés de Luna 2011). 


(TAP = transmembrane action potential) 


TR 


ANAN 


L— 
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Clinically, the RRP in a conventional ECG begins when 
the stimulus is conducted more slowly than normal. For 
example, in the AV junction, a baseline PR interval of 
0.20s is prolonged to 0.26s, with the shortening of the RR 
interval (tachycardization or premature complexes) 
(Figures 5.14A-2). When the stimulus falls in the AV junc- 
tion ARP, it is blocked there (Figure 5.14A-3). 


Conductivity 

Conductivity is the capacity of cardiac fibers to trans- 
mit the stimuli from automatic cells to neighboring 
cells. The stimulus originates in the sinus node and 
propagates through the SCS. Conduction differs in the 
fast response cells (contractile and His-Purkinje system 
cells) (regenerative conduction) and the slow response 
cells, particularly in the AN and N zones of the AV junc- 
tion and in the sinoatrial junction (decrementing con- 
duction) (Figure 5.12). 

The rate of conduction in the heart is essentially 
determined by two factors: (1) the rate of rise of TAP 
(dV/dt of phase 0), which is rapid in the rapid response 
fibers and slow in the slow response fibers and (2) the 
ultrastructural characteristics. Narrow fibers (contrac- 
tile and transitional cells) and those without interca- 
lated disks (P cells) conduct stimuli slower than wide 
fibers with many intercalated discs (Purkinje cells) 
(Figure 4.14). When passing from a narrow fiber zone to 
a wide fiber zone, the conduction increases (from the 
AV node to the His-Purkinje system), and vice versa 
(Figure 5.12). 
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Figure 5.12 Stimulus conduction of 

regenerative-type (contractile cells- 

myocardium) and decremental-type (areas 

with slow response cells-AV junction and 

sinoatrial junction). Below: TAP of different 

structures from the atria to the bundle of His. A 


Figure 5.13 Location of refractory periods at AV level, the 
supernormal excitability phase or period and vulnerable 
periods at the atrial and ventricular level in the human ECG. 
ARP: absolute refractory period; AVP: atrial vulnerable period; 
RRP: relative refractory period; SEP: supernormal excitability 
period; VVP: ventricular vulnerable period. 


Vulnerability 

The ventricular vulnerable period (VVP) is a small zone 
located around the peak of the T wave (Figure 5.13). A 
stimulus falling in this zone may trigger a ventricular 
fibrillation (R/T phenomenon) (Figure 5.14B-4). The atrial 
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vulnerable period (AVP), located at the beginning of the 
ST segment (Figure 5.13), is a zone where atrial stimuli 
may trigger an atrial fibrillation (Figure 5.14A-4). 


Cardiac activation 


In conventional surface electrocardiography, only the 
activation of the muscular mass of the atria and ventricles 
is recorded. Sinus node activation and activation of the 
rest of the SCS are not recorded in surface ECG, although 
in Figure 5.11 the correlation between the AP of all the 
different parts of SCS and the surface ECG is shown. In 
this figure the recording of different parts of the atria and 
bundle of His with intracavitary recording can be seen. 
This is especially important for the location of the 
AV block (see Chapter 17). Recording the His deflection 
by surface ECG through an amplifying method would 
greatly assist the decision-making process for pace- 
maker implantation (see Chapter 3, The future of 
electrocardiography). 

Using the diagram described by Lewis, Figure 5.15 
illustrates the passage of the electrical impulse through 
the parts of the heart responsible for surface ECG waves 
(A: atrial mass; V: ventricular mass ), as well as the silent 
areas (sinus node, sinoatrial junction, and AV junction). 
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ib. 


Figure 5.15 Lewis diagrams show how an impulse passes 
through the sinoatrial junction (SAJ), atria, AV junction (AVJ) and 
ventricles. (A=atria; SN=sinus node; V=ventricles). 


The normal origin of cardiac impulses 

The normal site for the generation of pacemaker impulses 
in the heart is the sinus node. The sinus discharge emerges 
in the atria especially at three different places, corre- 
sponding to the three preferential internodal pathways 
(see later). In the initial sinus impulse, the whole heart is 
subsequently depolarized, beginning with the atria and 
followed, after the propagation of the impulse through 
the AV node and the specialized intraventricular conduc- 
tion system, by the ventricles (Figure 5.11). 


Atrial activation: The P loop 
The process of atrial activation encompasses both atrial 
depolarization and atrial repolarization. 


Atrial depolarization 

Atrial depolarization follows preferential conduction 
pathways that do not have a uniform conduction speed 
through the atria. In fact, fairly concentric, isochronic lines 
of impulse propagation connecting the sites where 
activation takes place at the same time have been drawn 


dada 

UET 
junction and is not conducted. (B-3) Due 
to concealed retrograde conduction in the 


Figure 5.14 (A-1 and B-1) Normal AV 
conduction. (A-2) Premature atrial complex 
(PAC) falls in the RRP of the AV junction 
and the next sinus P wave shows a long 

PR interval. (B-2) There is an interpolated 
premature ventricular complex (PVC) and 
the next P wave shows a longer PR interval. 
(A-3) PAC falls in the ARP of the AV 


AV junction of a PVC, the next P wave is 
blocked. (A-4) When a PAC falls into the 
atrial VP, it may trigger an atrial fibrillation. 
(B-4) When a PVC falls in the ventricular 
vulnerable period, especially in acute 
ischemia, a ventricular fibrillation 

may be triggered. 


(Figure 5.16A). Puech’s studies in dogs (Puech and 
Grolleau 1972) and Durrer’s studies in humans (Durrer 
et al. 1970), which sustain the existence of radial impulse 
conduction in atria and ventricles, are not in disagreement 
with the idea of atrial conduction taking place through 
preferential pathways. In the atria, the activation does not 
take place via true fascicles, as occurs in the ventricles, but 
rather through preferential conduction pathways with 
unequal impulse propagation speeds. These preferential 
internodal and interatrial conduction pathways roughly 
correspond to the fascicles first described by Bachmann, 
Wenckebach, and Thorel nearly 100 years ago and later by 
James in 1963. The trajectory of these pathways is condi- 
tioned, to a large extent, by the anatomy of the septum 
and right atrium and, in particular, the existence of numer- 
ous holes (superior vena cava, inferior vena cava, oval 
fossa, coronary sinus, etc.) (Figure 4.9). 

Following these routes, the external right atrial wall is 
depolarized first, followed by the anterior wall and intera- 
trial septum, with the activation wave reaching the AV 
junction (zone of transitional cells and the upper part of the 
AV node) at 0.04-0.05s. At the same time, the impulse 
reaches the left atrium, mainly through the upper and ante- 
rior part of the septum via the Bachmann pathway, and the 
anterior and posterior left atrial walls are subsequently 
depolarized. Recently, it has been demonstrated (Holmqvist 
et al. 2008) that in a few cases the first activation of the left 
atrium takes place in a zone close to the coronary sinus. In 
these cases the normal activation of the left atrium is essen- 
tially retrograde (Bayés de Luna et al. 1988). 

Generally, atrial depolarization lasts 0.07 to 0.11s and is 
manifested in the ECG by the P wave, the first part of 
which corresponds approximately to right atrial depolari- 
zation and the second part to left atrial depolarization. 
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Anterior 


70 ms 


Figure 5.16 (A) Isochronic atrial 
activation lines (adapted from Puech 
and Grolleau 1972). (B) Left, right, and 
global (G) atrial depolarization vector 
and P loop. The successive multiple 
instantaneous vectors are also 
pictured. 


Figure 5.17 (A) Atrial resting phase. 
(B and C) Depolarization sequence. 
(D) Complete depolarization. (E and F) 
Atrial repolarization sequence. 

(G) The cellular resting phase. 


Depolarization of the AV node is initiated approximately 
at the P wave midpoint. 

If we consider atrial depolarization in the light of 
the dipole theory, we see that multiple vectors of 
depolarization of the right and left atria can be repre- 
sented by two depolarization vectors (Figure 5.16B), the 
first being of the right atrium, directed forward, down- 
ward, and somewhat to the left, and the other being of the 
left atrium, directed to the left and somewhat backwards. 
These two vectors reflect the sum of multiple vectors of 
depolarization of both atria and their respective dipoles. 
The morphology of the P wave is positive when the 
electrode faces the head of the depolarization vector and 
negative when it faces the tail. The mean (resultant or 
global) axis of atrial depolarization is the spatial sum of 
both vectors and is expressed as a vector directed to the 
left, downward, and forward (Figure 5.16B). 

The entire atrial depolarization wave follows a route 
from right to left, back to front, and above to below, as a 
consequence of the right atrium activating before the left 
atrium. The line that delimits the route of atrial 
depolarization from inception to termination is condi- 
tioned in the most marked inflections by the heads of the 
right, left, and global vectors, but includes, as already 
stated, multiple sequential instantaneous vectors formed 
during the process of atrial depolarization. This line, 
which describes a counterclockwise turn because the 
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right atrial vector is formed before the left atrial vector, is 
finally closed at the same starting point and constitutes 
the vectorcardiographic curve of the P wave, known as 
the “P loop.” The projection of this loop on the positive or 
negative hemifield of different leads of the frontal and 
horizontal planes explains the morphology of the P wave 
in the various ECG leads (see Figure 7.7). 

The atrial depolarization wave includes the entire 
wall from the endocardium to the epicardium because of 
the thinness of the atrial wall. This explains why in 
experimental studies the same P wave morphology is 
detected on both sides of the wall. The atrial depolarization 
vector (>) has the same direction as the sense of depolari- 
zation phenomenon (ww) (see Figure 5.17). 


Atrial repolarization 

Atrial repolarization starts in the areas that were first 
depolarized and follows the same sense as atrial depolari- 
zation (Figure 5.17E). As a result, the repolarization dipole 
is formed with the positive charge opposite to the depo- 
larization dipole, and the resulting repolarization vector 
is oriented in the opposite direction (+) to the sense of 
repolarization phenomenon (w>). The polarity of the 
atrial repolarization wave (ST-Ta) is therefore the oppo- 
site of that of the P wave. This wave is of very low voltage 
and longer duration than the P wave and is generally con- 
cealed by the superimposed QRS complex. Only in cases 
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of AV block, atrial infarction, important right atrial 
enlargement, or sympathetic overdrive is it sometimes 
evident. 


Transmission of the atrial impulse 

to the ventricle 

The atrial depolarization wave reaches the proximal part 
of the AV node through the three internodal tracts in four 
areas: two supero-left areas and two infero-right areas (see 
Figure 4.10). The excitation wave is propagated very slowly 
(approximately 0.02-0.05m/s) through the AV node, 
especially in its upper part, reaching the bundle of His 
after 65-80ms. The electrophysiological reason for this 
conduction delay is related to the existence of three electro- 
physiologically differentiated zones in the AV node, more 
or less parallel to the AV fibrous ring: atrionodal (AN), 
nodal (N), and nodal-His (NH). The N zone has a TAP with 
an ascendant TDP and a slow-ascent TAP phase 0. The 
action potentials of the AN and NH zones are transitional 
with those of the atrium and bundle of His, respectively. 
Impulse conduction through the AV node is therefore not 
uniform. In the AN and especially in the N zones, there are 
progressively more slow response cells with lower TDP 
and a more slowly ascendant phase 0, which is the cause of 
decremental conduction of the impulse (Hoffman and 
Cranefield 1960). The impulse is not extinguished because 
on arrival at the NH zone the TAP improves in quality and 
conduction speed (Figure 5.12). 

In the bundle of His, the propagation velocity increases 
greatly. Normally, this structure is the only link in the 
route between atria and ventricles (except when acces- 
sory pre-excitation bundles exist). This channels the 
impulse through a single point, thus maintaining a 
proper ventricular activation sequence. The bundle of 
His has a penetrating portion inserted in the central 
fibrous body and a branching portion that begins at the 
emerging point of the fibrous body and continues to its 
division into two branches (Figure 4.10). The distal part 
of the penetrating portion and branching portion are 
made up of cells arranged in parallel similar to the 
Purkinje cells. The two branches of this bundle are mainly 
formed by Purkinje fibers. 

The fibers of the bundle of His are destined to be 
included in either the right or the left branch, with longi- 
tudinal dissociation existing between them. This explains 
why damage to right or left side of the His bundle may 
produce patterns of right or left bundle branch block. 

The deflections generated by depolarization of the 
bundle of His and bundle branches are not recorded by 
conventional ECGs because of the small number of fibers 
involved, but they correspond in time with the isoelectric 
space between the end of the P wave and the QRS complex 
(PR interval). By intracavitary recording techniques, 
bundle of His potentials, and even the bundle branch 
potentials, can be recorded as rapid bi- or triphasic 


deflections situated between the atrial P wave electrogram 
and the ventricular QRS-T complex (Figure 5.11). 


Ventricular activation: ORS andT loops 
This process encompasses both ventricular depolarization 
and repolarization. 


Ventricular depolarization 

Once the impulse reaches the two bundle branches, they 
transmit it at a conduction speed similar to that of the 
bundle of His. It is currently believed (see Chapter 4, The 
specific conduction system) that the intraventricular con- 
duction system has three terminal divisions. This is the 
trifascicular theory, whereby the right branch represents 
one division and the superoanterior and inferoposterior 
divisions of the left branch, true anatomic fascicles, repre- 
sent the other two divisions. The importance of these two 
divisions has been demonstrated by Rosenbaum and 
Elizari (1968). However, the middle anteroseptal fibers of 
the left branch, which are anatomically inconsistent and 
of variable morphological appearance, are considered 
another division by some authors (Uhley 1973; Kulbertus 
et al. 1976). In fact, the experimental work of Durrer et al. 
(1970) demonstrating that the activation of the left ventri- 
cle occurs at three points favors this hypothesis (Figures 
4.11C,D and 5.18A). Recently, Josephson’s group (Cassidy 
et al. 1984) demonstrated that the onset of activation in the 
healthy human heart is very much as Durrer described it. 
The impulse arrives almost simultaneously by the right 
bundle branch to the base of the right anterior papillary 
muscle. This is the basis for the quadrifascicular theory 
of left ventricular activation. It has been suggested that 
some ECG changes (RS pattern in V1-V2) may be caused 
by the block of these middle fibers (Hoffman et al. 1976; 
Pérez-Riera 2009) (Chapter 12). In any case, all the 
respective Purkinje networks of different divisions show 
abundant interconnections, especially on the left side. 

As seen in Figure 5.18A, a large part of the endocardial 
zone of the left septum and the free left ventricular wall is 
activated in the first 20ms because of the wealth of 
Purkinje fibers in these zones. The subendocardial region 
of the free left ventricular wall has such a rapid activation 
that it is not recorded by peripheral or intramural 
electrocardiographic leads. According to the Mexican 
School (Sodi-Pallares et al. 1964), this occurs because the 
activation fronts originating in the subendocardium are 
comparable to multiple closed spheres that cancel each 
other transversally (Figure 5.19A,B), and do not form a 
single front capable of producing measurable deflections 
in the ECG leads until these spheres open and show an 
activation front. This only takes place well within the 
interior of the ventricular wall—the electrical endocardium 
(Figure 5.19C). 

The electrodes placed in the subendocardial segment of 
the free left ventricular wall inscribe QS complexes like 
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Figure 5.18 (A) The three 
approx mate initiation points 

of ventricular depolarization 
(closed circles) (1, 2, 3) forming 
the isochronic lines of the 
depolarization sequence (adapted 
from Durrer et al. 1970—see text). 
(B) See how the first vector is 
initiated (see text). 


Figure 5.19 Depolarization sequence 
of the ventricular wall according to the 
Mexican School (Sodi-Pallares 1984) 
(see text). 


intracavitary complexes. One single left ventricular 
activation front mentioned earlier is formed in the subep- 
icardial muscle lacking in Purkinje fibers (Figure 5.19C,D). 
This activation front, directed from endo- to epicardium, 
is responsible for the presence of an R wave in subepi- 
cardial intramural leads that is progressively greater as it 
approaches the epicardial electrode (Figure 5.19D). The 
limit between the rapid activation zone of the subendo- 
cardial left ventricular wall (where only QS complexes are 
recorded) and the slow activation subepicardial zone 
(QRS complexes increasingly more positive toward the 
epicardium) is known as the electrical endocardium. Its 
location varies according to the amount of Purkinje fibers 
in the different regions (from 40% to 80% of the ventricu- 
lar wall thickness). This concept has been used to explain 
why there are often no QRS complex modifications in the 
presence of subendocardial necrosis. However, it has 
already been shown (Horan et al. 1971) and more recently 
demonstrated with contrast-enhanced cardiovascular 
magnetic resonance (CE-CMR) (Moon et al. 2004) that 
non-transmural necrosis with Q waves, and transmural 
necrosis without Q waves, may exist. 

The depolarization of the initial left ventricular zones, 
the result of the union of the activation at the three points 
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of Durrer (Figure 5.18A), produces a more significant 
vectorial force than the initial depolarization of the right 
ventricle. These two vector forces of opposite direction 
and different magnitudes produce a resultant vector 
directed to the right and forward (Figure 5.18A-1). The 
upward, downward, or intermediate direction of this vec- 
tor depends especially on the position of the heart (see 
later) (Figures 5.20-5.22). The resultant vector of initial 
ventricular depolarization is called Vector 1. This vector 
accounts for the initial QRS morphology of various 
electrocardiographic leads (i.e. r of V1 and q of V6) and 
corresponds to approximately the first 10 ms of ventricular 
activation and the respective section of the QRS complex 
(Figures 5.20-5.22). 

Later, part of the right ventricular wall and the mid- 
apical part of the septum and left ventricular wall 
depolarizes. The sum of the two vectorial forces (right 
and left, from 10 to 40-50 ms) is a single vector called 
Vector 2, directed to the left, slightly backward and usu- 
ally downward, or occasionally slightly upward in the 
horizontal heart. This vector represents most of the QRS 
complex (i.e. S of V1 and R of V5-V6) (Figures 5.20-5.22). 

Finally, the basal regions of both ventricles and the 
septum depolarize, producing a vector force of scant 
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Figure 5.20 The intermediate heart: the QRS loop and the QRS 
morphologies in different leads (see text). 


Figure 5.21 The vertical heart: the QRS loop and the QRS 
morphologies in different leads (see text). 
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Figure 5.22 The horizontal heart: the QRS loop and the QRS 
morphologies in different leads (see text). 


magnitude and about 20ms in duration, shown by a vector 
directed upward, somewhat to the right and backward. 
This is due to the fact that the upper portion of the right 
ventricle generally depolarizes later than the upper left 
ventricle. This vector, known as Vector 3, has little electro- 
cardiographic repercussion (“s” in the left precordial leads 
and terminal r in VR) (Figures 5.20-5.22). 

The three vectors we have described are very useful 
for didactic purposes because they help explain the 


electrocardiographic curve. It should be remembered, 
however, that the route of ventricular depolarization does 
not consist of three vectors, but rather a succession of 
multiple instantaneous vectors formed during the process 
of ventricular depolarization, as seen in atrial depolariza- 
tion. These three vectors are only a point of departure for 
the explanation of QRS complex morphology, which usu- 
ally has 2 or 3 deflections (rS, RS, Rs, rSr’, qRs). When 
more than three deflections exist, something that occurs 
in right bundle branch block (rsRs’), we may explain the 
corresponding morphology using other vectors. These 
2-3 vectors delimit the route of ventricular depolarization 
approximately, and this corresponds with the normal vec- 
torcardiographic curve of the normal heart at different 
positions (Figures 5.20-5.22). 

There are three basic heart positions: intermediate, ver- 
tical, and horizontal. In the vertical heart position, the 
maximum loop vector—Vector 2—is directed downward 
(+60° to +85° or more), and the initial (first) vector is ori- 
ented upward and to the right, the loop generally rotating 
clockwise or moving in a figure-of-eight (Figure 5.21). In 
the horizontal heart position, the maximum loop vector— 
Vector 2—is directed leftward about 0 to -10°, and there is 
a counterclockwise loop rotation with an initial (first) vec- 
tor oriented downwards and to the right (Figure 5.22). In 
the intermediate heart position, the maximum vector— 
Vector 2—is at about +30°, but Vector 1 and the loop rota- 
tion are similar to those of the vertical heart (Figure 5.20). 

Since the heart is a three-dimensional organ, the electrical 
forces must be projected onto two planes. The projection of 
the ORS loop on to the positive and negative hemifields of 
the different frontal and horizontal plane leads (see 
Chapter 6) allows the path of the impulse during depolari- 
zation of the heart to be traced and the different QRS 
morphologies to be deduced (see Figure 6.14). 


Ventricular depolarization can be divided into three 
phases, each of which can be shown as a vector. 

¢ During the first phase (10-15 ms), the initial 
depolarization of the ventricles and the medial septum 
produces a small vector (Vector 1) directed to the right, 
forward and up- or downward (more frequently upward). 


* In the second phase (30-40 ms), most of the free wall of 
both ventricles and the lower septum depolarize, initiating 
an important vector (Vector 2) directed to the left and 
slightly backward. 


¢ In the third phase (20-30 ms), a small vector (Vector 3) is 
generated and directed upward, somewhat backward and 
to the right. 


Ventricular repolarization 

In the human heart, the process of repolarization of the 
free wall of the left ventricle accounts for practically all 
ventricular repolarization. The route of the ventricular 
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Figure 5.23 Projection of the 
spatial P, QRS, and T loops on 

the frontal and horizontal planes. 
Right: Onset and end of QRS loops 


in FP and HP. 


repolarization wave, the vectorcardiographic curve of the 
T wave, or T loop, usually has a direction and rotation 
similar to that of depolarization (QRS loop), although the 
T loop is directed somewhat less backward (Figure 5.23). 

To understand why the T wave is positive in the human 
heart (see later), in contrast to what occurs in the normal 
isolated cardiac cell, we must imagine the left ventricle as 
an enormous cell and bear in mind that under normal con- 
ditions the subendocardium has a poorer blood supply 
than the subepicardium (physiological ischemia). This is 
because coronary circulation is terminal in the sub- 
endocardium and left ventricular intracavitary pressure 
also contributes to a discrete reduction in the subendocar- 
dial blood supply (physiologic underperfusion area). As a 
result, the subepicardial region of this enormous cell 
behaves like the non-ischemic zone of an isolated ischemic 
cardiac cell (Figure 5.24). In this case the onset of repolari- 
zation starts where the depolarization has finalized (Figure 
5.24). Consequently, an electrode placed at A in Figure 5.24 
faces the head of the depolarization dipole vector and the 
head of the repolarization vector in the ischemic cell 
(Figure 5.24). The same occurs in the human left ventricle 
(see later) (Figure 5.25). Therefore, the QRS complex and T 
wave recorded from this site will be both positive in the 
ischemic cell (Figure 5.24) and in the human heart (Figure 
5.25). This is explained in more detail later. 


The domino model of cardiac activation 
It is important to understand how the impulse originat- 
ing in the sinus node, the structure with the greatest 
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Figure 5.24 Above: Cellular depolarization in ischemic 

cells results in a positive complex (QRS when the recording 
electrode (A) faces the head of the depolarization vector. Below: 
Repolarization initiates first in the less ischemic zone, forming 

a repolarization vector with the positive charge, the vector head, 
directed toward exploring electrode A. For this reason a positive 
deflection is recorded. 


automaticity, is successively propagated to the atrial myo- 
cardium, the AV node (the next most automatic structure 
after the sinus node, although this is normally not appar- 
ent because the sinus impulse depolarizes it), the special- 
ized intraventricular conduction system, and, finally, the 
ventricular myocardium. When the ventricles are totally 
depolarized, ventricular repolarization begins. The elec- 
trical activation process (depolarization + repolarization) 
initiates the cardiac contraction mechanism (coupling 
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Figure 5.25 Diagram of the depolarization 
(QRS) and repolarization (T) morphologies 
in the normal human heart. The figures to 
the left show a view of the free left ventricu- 
lar wall from above, and we see only the 
distribution of the charges on the external 
surface of this “enormous left ventricular 
cell.” In the right column we see a lateral 
view in which the changes in the electrical 
charges can be appreciated. With electrode 
A in the epicardium, a normal ECG curve is 
recorded. 


excitation—contraction). After the electrical activation 
process has finished, a process of cellular rest takes place 
before the onset of the subsequent activation process. 

This apparently complicated phenomenon of 
activation—rest—activation can be clearly understood by 
imagining a row of upright dominoes. When the first dom- 
ino in the row, the sinus node, emits an impulse and moves, 
the next domino is pushed and falls (depolarizes), followed 
sequentially by the rest of the row as each domino receives 
the impulse (and depolarizes), propagated by the first dom- 
ino. Figure 5.26 shows the correlation between each instant 
of this chain of falling dominoes and the conventional ECG. 
The black point at the end of a continuous ECG tracing indi- 
cates the exact location of the electrical impulse coinciding 
with different positions of the dominoes. 

The white dominoes in Figure 5.26 represent non- 
automatic structures. The black domino corresponds to 
the sinus node, the structure with the most rapid discharge 
cadence (or most automaticity), the cardiac pacemaker. 
The other SCS structures, which has lesser automaticity 
(shaded dominoes), are forced to depolarize (fall) when 
they receive the automatic impulse propagation from the 


sinus node. This process occurs in the following way: dur- 
ing A, the onset of the diastole, all dominoes are standing 
(at rest). This occurs at the beginning of the isoelectric line 
inscribed after the T wave. In B, the diastole is unfolding 
and the sinus node domino begins to move, which corre- 
sponds to the ascending phase 4 of the TAP (diastolic 
depolarization), while the ECG continues to record an iso- 
electric line. In C, the sinus node domino touches the sec- 
ond domino (atrial muscle), corresponding to the 
beginning of atrial depolarization, the correlating domino 
moves (D) and the recording of the P wave concludes. In 
E, as the SCS depolarizes the black point it traverses the 
line between the P wave and ORS complex and the respec- 
tive dominoes fall. In F, the onset of ventricular myocar- 
dial depolarization (the first ventricular domino falls) is 
accompanied by the registration of the first part of the 
ORS complex. In G, the end of ventricular depolarization 
coincides with the termination of QRS. At this point, all 
the dominoes have fallen. Finally, H represents the end of 
ventricular repolarization, when all dominoes are again 
standing, as in A. This occurs at the conclusion of the T 
wave recording. 


The Electrophysiological Basis of the ECG: From Cell Electrophysiology to the Human ECG 49 


SN: Sinus node 

AM: Atrial muscle 

N: AV node 

HR: His and its branches 
PN: Purkinje net 

VM: Ventricular muscle 


1. Start of diastole 

2. Phase 4 

3. Start of atrial depolarization 

4. Start of AV node depolarization 

5. Intraventricular SCS depolarization 

6. Start of ventricular muscle depolarization 
7. End of ventricular muscle depolarization 
8. End of ventricular muscle repolarization 


Figure 5.26 Sequence of cardiac activation: 
an analogy using dominoes. The first domino 
topples the next and so on. This occurs in the 
heart, when the heart structure with the most 
automatic capacity (the first black domino) 
has moved enough (C) to transmit its 
impulses to the neighboring cells. The black 
domino represents the heart pacemaker (SN: 
sinus node) and the gray dominoes represent 
cells with less automaticity, which in fact do 
not usually manifest, since these cells are 
depolarized by the propagated impulse 
transmitted by the black domino (SN). White 
dominoes usually do not feature automatic- 
ity. The point dividing the continuous line 
from the broken one in the ECG curve 


indicates the time point corresponding to 
these different electrophysiological situations 
(see inside) in the cardiac cycle. 


From cellular electrogram to the 
human ECG (Wilson et al. 1935; 
Cabrera 1958; Sodi-Pallares et al. 1964; 
Macfarlane and Veitch Lawrie 1989; 
Wagner 2001; Bayés de Luna 2011) 


Why the cellular electrogram and the human 
ECG have different polarities of the 
repolarization wave 

Both cellular electrograms and human ECGs represent the 
sum of cell or ventricular depolarization plus repolarization. 
In this case, the atria, which generates the P wave, is not 
taken into account and the ventricles are considered to be a 
large cell—left ventricle (LV)—that generates the QRS 


complex. In both cases the depolarization wave (QRS) is 
similar (JL), but the repolarization wave is different: nega- 
tive (~_~) in the cellular electrogram (Figure 5.9), and posi- 
tive (^) in the human ECG (Figure 5.24). Since Wilson 
et al. (1935), the discordance between cellular and human 
ECGs has been explained by the fact that in humans (Figure 
5.24) the dipole of the repolarization wave (T wave) is initi- 
ated in the left ventricle in an area opposite to that where 
the dipole of the depolarization wave starts (QRS), just as 
occurs in ischemic cells (see before Figure 5.24). This means 
that some areas of the heart that are activated earlier show 
a longer AP than those that are activated later. 
Experimental studies on animals (Burgess et al. 1972; 
Burnes et al. 2001) and humans based on epicardial and 
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Figure 5.27 (A) The APs of endocardium and epicardium are 
shown. The latter, according to the theory used to explain the 
normal EGG, is the last to depolarize and the first to repolarize. 
(B) According to Yan and Antzelevitch (1998), the epicardium 
repolarizes first (coincides with the peak of T wave) and the 
endocardium later, but the area that repolarizes last is the M cell 
area (coinciding with the end of the T wave) (see text). 


Epi 


endocardial AP recording during catheterism and car- 
diac surgery (Franz et al. 1987) have demonstrated that 
the area of shorter AP and subsequent earlier repolari- 
zation is located in the epicardium. It is well known that 
the epicardial zone depolarizes after the endocardial 
zone and also repolarizes first (Durrer et al. 1970; 
Cassidy et al. 1984). The Antzelevitch group (Yan and 
Antzelevitch 1998) has carried out studies in wedge 
preparations showing that the epicardium is repolar- 
ized earlier and that the end of the epicardial AP corre- 
sponds to the T wave peak. However, they found that in 
the middle portion of the ventricular wall (M cell area), 
repolarization takes longer than in the endocardium; 
the end of the AP in this area corresponds to the end of 
the T wave (Figure 5.27). There is no consensus on 
whether the M cell zone is the left ventricle area with 
the longest AP, as recently discussed (Ophof et al. 2007). 
What is clear is that: (i) there is a myocardial area that 
repolarizes earlier and, according to most authors, is 
located in the epicardium; (ii) there is undoubtedly 
another area that repolarizes later, and is located in the 
endocardium, or middle portion, of the ventricular 
wall (M cells) (Figure 5.27). 


We can explain human ECG origins based on the fact 
that the epicardium repolarizes before the endocar- 
dium (Figures 5.25), which happens in the ischemic cell 
(Figure 5.24) 

In a normal cellular cell it occurs in the opposite way, as 
the area distal to the electrode (equivalent to the endocar- 
dium) repolarizes before the area proximal to the electrode 
(the epicardium) (Figures 5.9). 


Theories to explain the origin of the cellular 
electrogram and human ECG morphologies 
The origin of cellular electrograms and human ECGs may 
be explained by two different theories. 


The first theory 

This theory states that the curve of the cellular electro- 
gram and human ECG are the result of successive record- 
ings of cellular and human (left ventricle) depolarization 
and repolarization phenomenon (dipole) taken from an 
electrode located opposite to the initial stimulation site 
(depolarization), bearing in mind that when the electrode 
faces the head of the dipole (vector) it records positivity 
and when facing the tail it records negativity. As previ- 
ously explained, in the human left ventricle the repola- 
rization dipole starts in the last part that has been 
depolarized (the subepicardium) (see Figure 5.26), the 
same as in an isolated ischemic cell (see Figure 5.24). This 
occurs because the subendocardial area is physiologically 
underperfused (see before). In contrast, the first part to 
be repolarized in the normal cell is also the first part that 
has been depolarized (Figure 5.9). This explains how in 
the isolated electrogram the wave of repolarization is 
recorded as negative (v) (Figure 5.9) and in the human 
ECG as positive (Figure 5.25) (~). 

Figure 5.28 summarizes how the correlation between 
dipole, vector, and the direction (sense) of the depolariza- 
tion and repolarization phenomena may account for the 
ECG curve, both in a cellular normal cell (Figure 5.9) and 
in human beings (see Figure 5.26). 

This is in fact a simplified explanation of how the 
ECG recording is generated. The left ventricle is con- 
sidered to be responsible for the human ECG and its 
depolarization is represented by one vector. In practise, 
this is not so. The human ECG depolarization requires 
at least one vector, the sum of all atrial vectors that 
accounts for the process in which the stimulus depolar- 
izes the atria, known as the atrial depolarization loop, 
or P loop (Figures 5.16 and 5.17), and the three vectors 
responsible for ventricular depolarization, or the QRS 
loop (Figures 5.20-5.22). In addition, ventricular depo- 
larization (QRS) is followed by the ventricular repola- 
rization wave (T wave) that is expressed by the 
repolarization loop, or T loop (Figures 5.23 and 7.18). 
The projection of the P, QRS, and T loops onto the 
positive and negative hemifields of each lead account 
for the morphology of the ECG: 


Dipole — Vector + Loop > Hemifield — ECG 


The second theory 

According to this theory, cellular and human ECGs are 
the sum of the subendocardial (or cellular area most 
distal to the recording electrode) and the subepicardial 
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Figure 5.28 (A) Cellular depolari- 
zation and repolarization dipoles 
with the corresponding vectors (—) Dipole 
and direction (wm) of the phenom- 
enon, which give rise to a cellular 
electrogram with negative repolari- 
zation wave. (B) Ventricular 
depolarization and repolarization 
dipoles, with the corresponding 
vectors and direction of the 
phenomenon and resulting human Dipole 
ECG curve (QRS-T curve). 


Sense of phenomenon 


Vector 


(or cellular area most proximal to the recording electrode) 
APs. It should be noted that the AP phase 0 corresponds 
to ORS, phases 1 and 2 to the ST segment, and the end 
of phases 2 and 3 to the T wave (Figure 5.8). This theory is 
very useful in understanding the repolarization alterations 
observed during myocardial ischemia (changes in T wave, 
ST segment depression and elevation) (see Chapter 13). 
Figure 5.29 shows how the sum of the APs from the area 
distal (A) and proximal (B) to the electrode both at the 
cellular (left) and ventricular (right) level accounts for the 
cellular and human ECG. On the right we can see how the 
human ECG is initiated. The subendocardium AP corre- 
sponds to the AP of the left ventricular area distal to the 
electrode (A). At the end of depolarization (b), the elec- 
trode is facing the inner positivity of the distal area since 
that area is depolarized and has negative charges on the 
outside and positive charges on the inside, giving rise to an 
ascending phase 0 of the AP of the subendocardium (distal 
area). Later on, at the end of repolarization of the distal 
area (c), which occurs later (2) than in the proximal area 
(the subepicardium) (4), the electrode is facing the inner 
negativity, since the outer repolarized area is already 
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positive. Therefore, the curve returns to the isoelectric line, 
although, as the subendocardium repolarization ends later, 
its AP also ends later than that of the subepicardium (com- 
pare 2 with 4). The opposite is true in the case of the subepi- 
cardium AP. Its AP corresponds to the AP of the left 
ventricular area proximal to the electrode (B). When it 
depolarizes, it occurs later than in the subendocardial area. 
This zone (e) is negatively charged on the outer side and 
thus the electrode faces a negative charge and records 
phase 0 as negative (e). When this zone is repolarized (f), it 
occurs sooner than in the subendocardial area. The elec- 
trode faces outer positive charges because the repolariza- 
tion is already complete, and the subepicardium AP curve 
returns to the isoelectric line (4) sooner than the subendo- 
cardium AP (2). By adding together both APs (below right) 
it may be inferred how the human ECG is produced with 
positive depolarization (QRS) and repolarization (T) waves 
and a cancelled area in between (isoelectric ST). 

On the left, the origin of a cellular electrogram is 
shown. It has a negative repolarization wave because the 
proximal zone to the electrode of the isolated cell has a 
longer AP compared with that of the distal zone (contrary 
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to what is observed at the ventricular level). Thus, in a 
normal myocardial cell the repolarization starts at the dis- 
tal zone (equivalent to the subendocardium) and ends 
later in the proximal zone (equivalent to the epicardium). 
Therefore the sum of both APs explains the negativity of 
the T wave in a normal cellular electrogram. 


1. There is considerable evidence that the epicardium (the 
most proximal area to the electrode) is the first area of the 
human heart to repolarize. 
2. Cellular electrograms and human ECGs result from 
the sum of the AP from the distal (endocardium in the 
heart) and proximal (epicardium in the heart) areas to the 
recording electrode (Figure 5.29). 
3. According to another theory, both the cellular 
electrogram and the human ECG are the result of 
successive recordings of cellular or ventricular depolari- 
zation and repolarization (Figure 5.26). 
4. The correlation between the contractile cell AP and 
the human ECG is the following (Figure 5.8): 

¢ Phase 0: ORS. 

e Phase 1 and start of phase 2: J point and onset of ST 

segment. 

e Phase 2 (mid-part): ST segment isoelectric line. 


° End of phase 2 and phase 3: T wave. 


— Curve corresponding to distal 
cellular or ventricular zone (A) 


__ Curve corresponding to 
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= Figure 5.29 At both the cellular and the 


ventricular level, the sum of the AP from 
the area distal (A) to the electrode and 
the AP from the area proximal (B) to the 
electrode produces the cellular ECG with 
negative T waves and the human 
a (ventric lar) ECG with positive 

T waves (see text). 
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Chapter 6 


The ECG Recording: Leads, Devices, 


and Techniques 


Leads 


The ECG waves are recorded in different forms according 
to the location of the explorer electrode (lead). The mor- 
phology of the ECG is determined by the location at which 
the lead is recorded. Because the heart is a three-dimensional 
organ, it is necessary to know the projection of the electrical 
activity on two planes—the frontal plane and the horizontal 
plane—to determine the exact direction of the different vec- 
tors that express the electrical forces of the heart. To record 
these forces, cables that connect the patient with the galva- 
nometer of the ECG device are necessary, which pass 
through an amplifier. These cables are connected to the skin 
through special plaques (see Figure 6.19). ECG devices 
record the electrical activity of the heart through both 
frontal and horizontal plane leads. There are six frontal 
plane leads and six horizontal plane leads (V1-V6). 

Just as it is necessary to photograph a monument or per- 
son from various angles in order to obtain comprehensive 
information about its size and shape (Figure 6.1), the elec- 
trical forces generated by the heart need to be recorded 
from different places (leads) to obtain a good electrocardio- 
graphic image of the heart. Each lead has a lead line which 
goes from the place where the lead is located to the oppo- 
site zone, passing through the center of the heart. Each of 
the lead lines is divided into two segments: the positive 
half, which is proximal to the positive pole and indicated 
by a continuous line, and the negative half, which is proxi- 
mal to the negative pole and indicated by a dotted line. 


Frontal plane leads 


Standard limb leads: I, II, III 

The three standard limb leads record the potential differ- 
ences between two parts of the body. They constitute a 
closed circuit (Figure 6.2). Einthoven designated these 
leads as I, II, II. To record these leads, electrodes are 
placed on the right arm, left arm, and left foot (Figure 6.2). 
These bipolar leads reveal the direction and magnitude of 


the vectorial forces in the frontal plane (up-down, right- 
left). The potential differences recorded by these leads are 
explained in the legend of Figure 6.3. 

The needle of the electrocardiograph inscribes the 
electrical forces as positive upward deflections (AL) or 
negative, downward deflections (V), or diphasic com- 
plexes, such as complexes consisting of both a positive- 
negative or negative—positive deflection (A, W. 

A positive deflection ( |\) in a certain lead represents the 
electrical forces pointed towards the positive electrode of 
this lead; a negative deflection (V) represents electrical 
forces pointed toward the negative electrode of the same 
lead (Figure 6.3). An isodiphasic N, -\) deflection indi- 
cates that the vectorial forces are perpendicular to the 
lead line (i.e. they lie on a line separating the positive and 
negative hemifields of the lead). The correct morphology 
(+— or -+ may be determined according to whether the 
rotation of the loop is clockwise or counterclockwise (see 
Figures 1.5, 1.6, 6.16 and 6.17). A deflection that has the 
same positive and negative height but different areas (Ay) is 
not considered isodiphasic; a deflection with some posi- 
tive and negative areas but different heights (J\,) is con- 
sidered isodiphasic. 

In accordance with Kirchoff’s law, Einthoven consid- 
ered these three bipolar leads to be a closed circuit. Lead 
II = 1+ III is known as Einthoven’s law. This law should 
always be satisfied in electrocardiography and is used as 
means of verifying proper lead placement and labelling. 

Using the aforementioned law, Einthoven described an 
imaginary equilateral triangle superimposed on the 
human body as a useful visual tool, using the basic idea 
that electrode placement further down on the arms or legs 
(Figure 6.4A) is equivalent to placement on the root of the 
limbs (right shoulder, left shoulder, and groin) (Figure 6.48). 
Although the expression of Einthoven’s law as an equilat- 
eral triangle is not completely correct—it is evident that 
the human trunk cannot be considered a homogeneously 
conductive sphere with the heart at its center (Figure 
6.5)—it is the easiest way to remember the basic concepts 
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Figure 6.1 For a better understanding of a landscape, building, 
or statue it is necessary to contemplate or take photographs from 
different angles, as shown in this case with the “Dama de la 
Sombrilla” (Umbrella Lady), a landmark in Barcelona. Similarly, 
if we want to learn about the electrical activity of the heart it is 
necessary to record the activation route from different angles 
(leads) (drawing by Pilarin Bayés de Luna). 


Figure 6.2 Human silhouette with the wires placed for the three 
classic frontal plane leads I, II, and III. 
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of ECG (hemifield, distance in angles between leads, 
calculation of the electrical axis, etc.). According to 
Einthoven’s triangle, the six leads of the frontal plane 
form a hexagonal reference system that divides the 
electrical field into 12 parts separated by 30°. The scalene 
triangle described by Burger is probably more exact 
(Figure 6.6). If we follow this, the 12 parts are separated 
by different angles. However, on some occasions we may 
explain some aspects of the ECG-VCG correlation using 
Burger’s triangle. Figure 11.35, for example, shows that in 
cases of superoanterior hemiblock the last part of the 
frontal loop is located beyond —90° but in spite of that we 
do not record the “S” wave in lead I, because the positive 
hemifield, according Burger’s triangle (dotted line around 
—10° in Figure 11.35), really finishes beyond —90°. 

Different vectors generated in the heart (i.e. Vectors 1-6 
in Figure 6.4C) result in different projections (positive, 
negative, and diphasic) on the three sides of the triangle 
(on the three standar leads of the frontal plane). 

Moving the three segments of Einthoven’s triangle (I, II, 
III) until they intersect at the triangle center, Bailey 
obtained a reference system (Bailey’s triaxial system) 
(Figure 6.7) that does not alter the mathematical relation- 
ship between leads, I, II, and III, but facilitates the under- 
standing of the positive and negative hemifield concepts. 
The frontal plane where the reference triaxial figure is sit- 
uated is divided by the three leads into six spaces (Bailey’s 
sextants). The positive pole of lead I corresponds to 0°; 
that of lead II to +60°, and that of lead III to +120°. The 
negative poles of these leads correspond to +180°, —120°, 
and —60°, respectively. Each sextant represents a 60° arc. 


Limb leads: right and left arm and left foot 

(VR, VL, VF). 

Despite the usefulness of the three bipolar standard limb 
leads, they reflect only the differences of potential and not 
the real direct potential in one specific point of the body. 
In order to separate the two components of standard limb 
leads, Wilson et al. (1943) joined the three vertices of the 
Einthoven triangle (right and left arm and left foot) with 
resistances of 5000ohm to one point we refer to as the 
central terminal, obtaining at this point a potential zero 
(Figure 6.8A). Later, he connected the explorer electrode 
to the right (R) and left arm (L) and left foot (F) and 
obtained the absolute net potentials of these three 
members (right arm, left arm, and left foot): the VR, VL, 
and VF leads. Although Wilson called these “unipolar” 
limb leads, really they are also bipolar because they meas- 
ure differences of potential between one point and the 
central terminal (AHA/ACC/HRS Guidelines, Kligfield 
et al. 2007). 

To obtain better voltage complexes, Goldberger modified 
the Wilson system to an augmented system leads (aVR, 
aVL, aVF) (Figure 6.8B). These three “unipolar” leads are 
directed from the vertices of the three angles of Einthoven’s 
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Figure 6.3 (A) Lead I records thedifferences in potential between the left arm (+) and right arm (-). (B) Lead II records the differences in 
potential between the left leg (+) and right arm (—). (C) Lead III records the differences in potential between the left leg (+) and left arm (-). 


Figure 6.4 (A) Einthoven’s triangle. (B) The same superimposed on a human torso. Observe the positive (continuous line) and negative 
(dotted line) parts of each lead. (C) Different vectors (from 1 to 6) produce different projections according to their location. For example, 
Vector 1 has a positive projection in I, negative projection in III, and isodiphasic projection (zero) in II. 


LF 


Figure 6.5 Sketch of the hypothetical human body corresponding to 
Einthoven’s triangle: the heart in the center of a homogeneous sphere. 


triangle (VR, VL, VF) toward the midpoint of the opposite 
site, intersecting the center of the triangle (Figure 6.9). 
Each lead has a positive pole extending from the angle of 
the triangle that coincides with the respective edge to the 
center of the triangle, and a negative pole, extending prac- 
tically from the center of the triangle to the midpoint of the 
opposite side of the triangle. The negative pole of each 


VF 


Figure 6.6 Burger’s scalene triangle, which represents the electrical 
field of the human body more accurately than Einthoven’s triangle. 


lead is situated 180° opposite the positive pole. The 
direction of the lead line of VR extends from —150° (positive 
pole) to +30° (negative pole); the lead line of VL from -30° 
(positive pole) to +150° (negative pole); and the lead line of 
VF from +90° (positive pole) to —90° (negative pole). 
Using the locations of the three limb leads (triaxial 
reference system) and combining the axes of the VF, VL, 


VF leads with Bailey’s triaxial reference system so that the 
intersection of the six axes is in the center of the heart, a 
single figure is obtained which shows the directions, the 
positive and negative poles, and positive (continuous 
line) and negative (dotted line) parts of the six frontal 
plane leads (Bailey’s hexaxial system). In this system 
(Figure 6.10), leads are separated by 30° angles. 

There is an increased interest in revising the standard 
presentation of the frontal plane ECG leads by changing 
the lead VR location from —150° to +30° (Case and Moss 
2010). This reorients the frontal plane leads from III to VL 
into a progressive logically panoramic sequence that fol- 
lows the same pattern as the horizontal precordial leads 
from V1 to V6 (Figure 6.11). 


Horizontal plane leads 

Horizontal plane leads add necessary information about 
the anterior or posterior location of the electrical forces of 
the heart not given by the frontal plane (up-down or 
right-left direction of the vectors) leads. These leads are 
particularly useful when the cardiac vectors are 
perpendicular to the frontal plane because the projection 
of a vector in a perpendicular plane is zero. Therefore, in 


-180° _ 
+ 


Figure 6.7 Bailey’s triaxial system (see text). 


5,000 Q 


Figure 6.8 The VR, VL, VF frontal leads. 
(A) Wilson’s system; (B) Goldberger’s 
system. 
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these cases frontal plane leads are of little use, while the 
horizontal leads provide the proper information. 

The horizontal plane leads used in clinical 
electrocardiography are based on potential differences 
between an exploring electrode on the chest wall and the 
Wilson central terminal (Figure 6.12). Therefore, although 


~ for VF 


A = + part of VF 
B = + part of VL 
C = + part of VR 
a = — part of VF 
b = — part of VL 
c =— part of VR 


Positive part VR, VL, VF 
- - - Negative part VR, VL, VF 


Figure 6.9 Any vector projected on VR, VL, or VF produces a 
projection that can be positive, negative, or isodiphasic. Vector 1 
has a positive projection on VL, a negative projection on VR, and 
an isodiphasic projection on VF. 
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Figure 6.10 Bailey’s hexaxial system (see text). 
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Figure 6.11 ECG lead angles and associated lead nomenclature. 
(A) Hexaxial lead system in the frontal plane. The change of VR by 
complete electrical inversion will enter the same lead, inverted by 
180° (now called -VR in the hexaxial lead system). (B) Suggested 
12-lead ECG presentation. The leads in the frontal and horizontal 
planes are sequentially presented in separate rows and in both 
cases in panoramic view from right to left from III to VL and 

from V1 to V6. 
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Figure 6.12 System of precordial leads (see text). 
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were considered monopolar by Wilson, they are also 
effectively bipolar (AHA/ACC/HRS Guidelines, 
Kligfield et al. 2007) (see above). 

The recording electrodes (+ charges) are placed at 
different points on the chest wall. Normally, six leads are 
used (V1-V6) that are located in different places on the 
chest (Figure 6.13A). Occasionally, additional right leads 
and posterior leads are added (see below). All precordial 
leads have a positive (continuous line) and negative (dotted 
line) section. In this case, despite the fact that the negative 
pole is in the center of the heart (central terminal), we con- 
sider for practical purposes the negative pole of each uni- 
polar precordial lead to be located 180° opposite from the 
positive pole. As we have said, these really are bipolar 
leads. Figure 6.13B shows the angular panoramic view of 
the electrodes of six usual precordial leads, and the loca- 
tions of positive poles and lines of the six precordial leads. 


Other additional leads or forms 

of presentation 

The 12-lead standardized presentation of the ECG 
outlined by the American Heart Association more than 70 
years ago has remains the “gold standard” clinical 
contribution and has been accepted worldwide. However, 
there are other leads that have been found to be useful, 
including the following: 

e Extreme right precordial leads (V3R and V4R) (Figure 
6.13A) and extreme left precordial leads (back leads) 
(V7: posterior axillary line; V8: inferior angle of the 
scapula; V9: left paravertebral area). These may help to 
diagnose right ventricle or lateral infarctions, respectively 
(Wellens 1999; Bayés de Luna and Fiol-Sala 2008) (see 
Figures 13.47 and 13.48). 

e The use of 24 leads (adding 12 opposed leads) (Perron 
et al. 2007); 

e The change from VR to -VR with the positive pole of 
VR at +30° (see above). This may create a total angular 
ECG system of frontal leads that may facilitate a more 
logically sequential study of ECG patterns (Case and 
Moss 2010; Bayés de Luna and Garcia-Niebla 2010) (see 
before) (Figure 6.11). 

e The addition of some bipolar precordial leads (Lewis 
leads) (Baker et al. 2009) that may be useful for the 


Figure 6.13 (A) Sites where the exploring electrodes are 
placed in precordial leads. (B) Situation of the positive 
pole in the six precordial leads. 
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diagnosis of AV dissociation. We will discuss this in more 
detail later (Chapter 25). 

e Esophageal leads may also be useful for some speci- 
fic topics (e.g. to study atrial activation) (Rodensky and 
Wasserman 1962; Gallagher et al. 1982; Pehrson 2004) 
(see Figure 9.19 and Chapter 25). 

e There are also reduced and expanded lead set presen- 
tations still under study. 


Hemifield concept 


In Chapter 1 we described this concept as tracing from 
each lead a perpendicular line that passes through the 
center of the heart to divide the electrical field of the body 
into two hemifields for each lead, one positive and one 
negative. In Figure 1.5 we describe the formation of the 
positive and negative hemifields of the frontal plane for 
leads I and VE. The hemifields of the other leads of FP and 
HP can be depicted by drawing lines perpendicular to 
the frontal (I, H, I, VR, VL, and VF) and horizontal 
leads (V1-V6) which intersect the center of the heart 
(Figure 6.14) (Bayés de Luna 1998). 

The positive hemifields of each lead are as follows 
(Figure 6.14): lead I, from —90° to +90° passing through 0°; 


Figure 6.15 Relationship between the magnitude and direction of a 
vector and its positivity in a determined lead, in this case I (see text). 


lead II, from —30° to +150° passing through +60°; lead III, 
from +30° to -150° passing through +120°; lead VR, from 
+120° to —60° passing through —150°; lead VL, from —120° 
to + 60° passing through —30°; lead VF, from 0° to +180° 
passing through +90°; and lead V6, from -90° to +90° 
passing through 0°. The other hemifields of horizontal 
plane leads are obtained in the same manner by drawing 
lines perpendicular to the respective leads which intersect 
the center of the heart. 

The projection of a P, QRS, or T vectorial force on the 
positive and negative hemifield of any lead, or on the line 
separating them, initiates a positive, negative, or isodipha- 
sic deflection, respectively in this lead. The degree of 
positivity or negativity depends on the magnitude and 
the direction of the vector (Figure 6.15). With the same 
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Figure 6.16 According to the direction of loop rotation, an isodiphasic deflection in a determined lead (in this case VF) is positive-negative 
(A) or negative—positive (B) (see Figure 1.5). The enclosed area is larger if the loop is more open (C and D). If more of the loop lies in the 
positive hemifield than in the negative hemifield, the deflection is diphasic, but not isodiphasic (E, F). 


magnitude, a vectorial force directed more toward the 
positive or negative pole of a given lead will produce a 
more positive or negative deflection, since the projection 
will have a larger amplitude; for the same direction, the 
force with the greatest magnitude will produce the most 
positive or negative deflection (Figure 6.15). 


Correlation between the 
vectorcardiographic loop and 
electrocardiographic morphology 
(Cabrera 1958; Cooksey et al. 1977; 
Bayés de Luna 1998) 


Vectorcardiographic loops originate in the frontal or 
horizontal plane leads with different ECG morphologies, 
with ORS complexes more or less wide, and with positive, 
negative, or diphasic deflections in accordance with 
their projections in the respective positive and negative 
hemifields (Figure 6.16). (For correlation between the 
vectorcardiographic morphology of the loop in the frontal 
plane and the morphology of leads VF and V2, see 
Figure 1.6.) 

We believe that an understanding of the integrated 
dipole—-vector-loop-hemifield concept, bearing in mind 
the correlation between the electrocardiographic curve 
and vectorcardiographic loop, is crucial to an understand- 
ing of clinical electrocardiography. 


Up to this point, electrocardiographic deflections have 
been considered positive, negative, or diphasic, in order to 
simplify correlation with the leads’ hemifields. However, 
under normal conditions, the QRS complex is usually 
triphasic when it is recorded in the leads facing the left 
ventricular free wall (I, VL, V5, and V6). Using leads I, II, 
and III in FP and V1 and V6 in HP as an example (Figure 
6.17), when in FP the mean vector of QRS loop is around 
+60°, the morphology is qRS, and the global QRS is posi- 
tive in the three leads because the main Vector 2 lies in the 
positive hemifield of the three leads (more positive in lead 
II). In leads I and II there is an initial (q) and terminal (s) 
deflection because Vector 1 lies on the negative hemifield 
of leads I, and II (the “q” wave is less negative in I than in 
II), and Vector 3 falls in the negative hemifield of both leads 
but more in lead I than II (S wave is slightly bigger in I). 
Lead III usually has a small “q” in lead I but in general no 
“S” or only a very small “s” in lead III (see Figure 6.17A). 
In Figure 6.17B the same correlation is well understood in 
that V6 is often recorded as qRs morphology, but in V1 the 
morphology is in general just rS without r’. 


Recording devices 


The electrocardiograph records the cardiac electrical activ- 
ity conducted through wires to metal plates placed at dif- 
ferent points, called leads. The recording device consists 


Figure 6.17 (A) Frontal plane: Relationship between 

the morphology of I, II, and III and the situation of the 
three vectors in the respective hemifields of I, II, and III. 
(B) Horizontal plane: Relationship between the 
morphology in V1 and V6 and the situation of the 

three vectors in the respective hemifields. 
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Figure 6.18 ECG recording from VR and I. Correlation with depolarization and repolarization phenomenon. 


fundamentally of an ampilfier that magnifies electrical 
signals, and a galvanometer which moves the inscription 
needle (see Chapter 2). The needle moves in accordance 
with the magnitude of the electrical potential generated 
by the patient. This electrical potential has a vectorial 
expression. The needle inscribes a positive or negative 
deflection depending on whether the explorer electrode of 
a given lead faces the head of the vector corresponding to 
the positive charge of the dipole independent of whether 
or not the electrical force is going towards or away from 
the positive pole of the lead (Figure 6.18). 

ECG devices have to avoid oscillations and artifact 
distortions of ST. This can be achieved with low-frequency 
filtering (high-pass) with a cut-off of 0.05 Hz for routine 
filters or 0.67Hz or below for linear digital filters 
(Garcia-Niebla et al. 2009). To avoid muscle tremor, high- 


frequency (low-pass) filtering is needed. Usually the 
recommended cut-off is at least 150Hz (or 250Hz for 
children). It is recommended that the devices automati- 
cally alert if a very low high-frequency cut-off (=40 Hz) is 
used (see Figures 6.24 and 6.25). 

Until recently, the common ECG recording devices 
were direct-inscription analog types, that are continuous 
in nature, usually recording the ECG curves with thermo- 
sensitive paper. However, we are now immersed in 
the digital era, and in the field of ECG this has given 
rise to the need for functional programs and devices 
that are portable, versatile, and interactive. Nearly all 
current ECG machines convert the analog ECG signal 
to digital form. The initial sampling rate during analog- 
to-digital conversion is higher than the sampling rate 
that is used for further processing. This oversampling 
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was originally introduced to detect and represent pace- 
maker stimulus outputs which are generally <0.5ms in 
duration. 

Ideally, ECG machines should be small and com- 
pact, and must work in an integrated fashion in the 
different health institutional settings, independently of 
the types of technologies used. Such systems should 
allow us to work online and may be implemented in 
telemedical services. Compression of ECGs is a good 
idea for ease of transmission and storage. In an ideal 
world the diagnosis would be performed by an expert 
in real time through the Internet; this could then be 
applied to multiple scenarios (ambulance, isolated 
areas, ships, etc.) with poor access to assistance because 
of their geographic location or associated economic 
costs (see Figure 6.19B). 

Automatic measurement of different intervals (P, PR, 
ORS, QT) should be performed in different leads to detect 
the earliest onset and latest offset of waveforms and 
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intervals. Particular attention should be paid to QT 
interval measurement (see Figure 7.6). Finally, although 
computer-based interpretation of the ECG is an adjunct to 
the ECG machine, any computerized diagnosis currently 
requires overview by a physician (AHA/ACC/HRS 
Guidelines, Kligfield et al. 2007) (see Chapter 3). 


Recording techniques 


In this section we comment on the recording process 
and the technical errors that may occur during this 
process. 


How to record an ECG 

An ECG recording should be performed by trained 
personnel. The patient should be lying comfortably in bed 
or on an examination table. The room should be warm in 
order to minimize muscular trembling, which can pro- 


Figure 6.20 (A) Verification of proper calibration. (B) 1, 
Normal tracing; 2, tracing with artifacts due to alternating 
current; 3, tracing with artifacts due to trembling. 

(C) Example of a recording paper showing the distance 
between vertical (voltage) and horizontal (time) lines 

(see text). 


duce recording artifacts. The patient’s chest, wrists, and 
lower leg should be exposed (Figure 6.19A). 

The person who records the ECG should perform the 
folowing tasks: 
1 Connect the device to an electrical power source and 
the electrodes to the device. 
2 Clean the patient’s skin and place the recording 
electrodes at the correct sites for each lead recording. Four 
limb electrodes are placed (Figure 6.19): the red electrode 
on the right wrist; the yellow electrode on the left wrist; 
the green electrode, on the left leg; and the black, or 
indifferent electrode on the right leg. It is currently recom- 
mended that the electrodes are placed on the upper part of 
the arms to obtain a better recording. These electrodes are 
used to record the frontal plane leads. Additional elec- 
trodes are placed at different sites on the chest wall to 
record the precordial leads (from V1 to V6) (Figure 6.13A). 
3 Adjust the baseline so that the electrocardiographic 
recording is centered on the paper. 
4 Check the calibration of the device. Make sure that the 
height of the calibration deflection is 1cm (correspond- 
ing to 1 mV) in each lead (Figure 6.20C). The morphology 
of the calibration deflection should also be checked. The 
slope of the plateau should drop down gradually as the 
calibration button is held down (Figure 6.20A). 
5 Set the appropriate speed, normally 25mm/s. In this 
case the distance between two vertical lines of the record- 
ing paper (1mm) corresponds to 0.04s, and the distance 
between two thick lines (6mm) is 0.20s (Figure 6.20C). 
The speed of 50mm/s is useful for better manual meas- 
urement of intervals but the quality of the recording, 
especially of the ST, is lower. 
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6 Maintain the recording line in the center. 

7 Avoid artifacts such as those caused by alternating 
current and trembling (Figure 6.20B). 

8 Record a strip of at least 20cm for each lead. The person 
performing the recording should know when a long strip 
is needed (arrhythmias), when it is necessary to record 
during respiration (presence of Q in lead III), and when to 
record additional precordial leads (children, possible lat- 
eral or right ventricle infarct, etc.). 

9 Ensure that the tracing is correctly recorded (II = I + IMI) 
and correctly label the different leads. 


Technical errors in the recording process 
Technical errors in the recording process may be caused 
by the device itself, or may be the responsibility of the 
recording. Errors include the following: 
e Misplacement of electrodes, which may lead to a 
diagnosis of ectopic rhythm or dextrocardia (Figure 6.21) to 
anomalous location of the Q wave myocardial infarction 
(MI) (Figure 6.22) or to diagnosis false septal infarction. The 
latter is caused by misplacement of electrodes of V1-V2 ina 
high position that may record negative P wave followed by 
QS instead of positive or +— P wave followed by rS pattern. 
e A false diagnosis of flutter or ventricular tachycardia as 
a consequence of artifacts (Figure 6.23). 
e Abnormal ST elevation in V1-V2 (Figure 6.25) or 
suppression of an otherwise visible J wave (Figure 6.24) 
because of the inappropriate use of some filters (Nufez- 
Angulo 2011). 

For more information consult Lemmerz and Schmidt 
(1966), Drew (2006), Bayés de Luna et al. (2006), Kligfield 
et al. (2007) and Garcia-Niebla et al. (2009). 


Figure 6.21 (A) An ECG typical of a patient with 
mirror-image dextrocardia and no heart disease. 
(B) Normalized ECG. 


Anteroseptal zone MI Inferolateral zone MI 


1. Normal lead position 1. Normal lead position 
2. Leftwards lead position 2. Rightwards lead position 


Figure 6.22 (A) A patient with myocardial infarction of anteroseptal zone in subacute phase (1) normal recording that displays extension of 
Q waves up to V6 (qrs). (2) Small changes in the placement of precordial V3-V6 leads have significantly modified the morphology of QRS, 
now being qR in lead V6. Therefore, according to the classical concept we would say that ECG 1 presents with low lateral extension of 


infarct, while ECG 2 does not. (B) A patient with an infarction of inferolateral zone (R > S in V1) and QR in V6 (1). After having moved 
precordial leads a little bit to the right (2) the QR pattern in V6 disappears. 
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Figure 6.23 Patient with Parkinson’s disease simulating atrial flutter in some lead (in this case lead III) due to artifacts. In lead V4 we can 
see a normal P wave. 
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Figure 6.24 Forty-year-old patient with ECG morphology typical for early repolarization. Observe how a low-pass filter (40 Hz) can make 
the typical J curve disappear. 
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Figure 6.25 (A) Precordial leads recorded manually in a healthy 40-year-old man with normal ST upsloping in right precordial leads. 
We can see the difference in ST upslope between 0.05 Hz (normal) and 0.5 Hz filter. The latter shows more evident ST upsloping with 
abnormal ST/T morphology. (B) In contrast, when the ST upsloping is not present with a normal filter (0.05 Hz), there is no change in 
the pattern when the ECG is recorded with a different filter (0.5 Hz). 
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Chapter 7 


Characteristics of the Normal 
Electrocardiogram: Normal ECG 
Waves and Intervals 


A systematic and sequential approach 
to ECG interpretation 


The interpretation of an ECG should be systematically 
approached in a sequential way. In this chapter, the nor- 
mal value of each parameter at different ages and other 
ECG variants to ensure a successful ECG interpretation is 
discussed consecutively (Bayés de Luna 1998, 2011; Bayés 
de Luna et al., 2006). In chapter 19 we discuss the diagnos- 
tic value of all the abnormalities of these ECG parameters. 
Figure 7.1 shows the temporal relationship between the 
different ECG waves and intervals and Figure 7.2 shows 
the most frequent QRS, P, and T morphologies. 


Heart rhythm 


Heart rhythm can be sinusal or ectopic. All ectopic rhythms 
correspond to different types of arrhythmias (see Chapters 
14-18). Sinus rhythm has the following characteristics: 

e a positive P wave in leads I, II, VE, and V2-V6, 
and negative in VR. In leads III and V1 the P wave can be 
positive—negative (+); and 

e the P wave is followed by a QRS complex with a fixed 
PR interval; in the absence of pre-excitation or AV block, 
its duration is between 0.12 and 0.20s. 

Under normal conditions, the discharge cadence at rest 
oscillates between 60 and 100bpm and a slight variability 
exists between the RR intervals. Sometimes, particularly 
in children, this variability is more evident, most com- 
monly related to respiration. In different pathological sit- 
uations the RR variability can be decreased, which has 
important clinical implications (see Chapter 25). 

Under very rare pathological conditions, usually in the 
presence of important ionic disturbances (severe hyper- 
kalemia) (see Chapter 23), the conduction of the sinus stim- 
ulus to the ventricles is normal but atrial activation is 
delayed (which explains the short PR interval), or does not 
exist (which explains sinus rhythm without a visible P 


wave) (sinoventricular conduction) (Figure 7.3). In excep- 
tional situations sinus rhythm may be concealed due to 
extensive atrial fibrosis in the presence of large atria, partic- 
ularly in valvular diseases that do not initiate measurable 
potentials on the surface ECG (see Figure 15.37). However, 
in some leads, often in V1, a small P wave may be seen. 


Heart rate 


Sinus rhythm is the normal rhythm of the heart. At rest, 
the normal sinus rate oscillates between 60 and 100bpm. 
The rate will normally decrease with rest and sleep and 
increase with variables such as emotion, exercise, and 
fever. All types of normal and pathological sinus bradycar- 
dia and tachycardia will be discussed later (see Chapters 
15 and 17). The heart rate can be calculated, approximately, 
according to the number of 0.20s spaces (which are the 
spaces separated by thick lines on ECG paper when the 
recording paper speed is 25mm/s) occurring in an RR 
cycle (Table 7.1). Another method is to count the RR cycles 
occurring in 6s and multiply this number by 10. 


PR interval and PR segment 
(Figures 7.1 and 7.4) 


The normal range of the PR interval in adults is 0.12-0.20s 
(up to 0.22s in elderly inidividuals). Table 7.2 shows the 
mean and range of the PR interval in different leads. One 
recent study has demostrated that PR interval is longer in 
men and in older age (Magnani et al. 2010). It can be short- 
ened due to sympathetic overdrive and prolonged in vagal 
predominance. The PR interval can be abnormal (shorter 
or longer) in different pathological situations: shorter, 
especially in pre-excitation syndromes (see Figure 12.2), 
and in some active arrhythmias (Chapter 15), and longer 
in different types of AV block (see Figures 17.11 and 17.12). 

The PR segment is normally iso-electric, but in sympa- 
thetic overdrive it may be seen as downsloping (Figure 7.5). 
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Figure 7.3 (A) Normal activation of the heart. (B and C) Two 
types of sinoventricular conduction with short PR interval 
(B) or hidden P wave (C). 


Figure 7.1 Temporal relationship between the different 
ECG waves and nomenclature of the various intervals 
and segments. 


ANI Figure 7.2 (A) The most frequent QRS 
ee! complex morphologies. (B) P and T wave 
Isodiphasic morphologies. 


Table 7.1 Calculation of heart 
rate according to the RR Interval 


Number of 0.20s 
Spaces 


Heart rate 


300 
150 
100 
75 
60 
50 
43 
37 
33 


OMAN DA A UOUN = 


It may also have an abnormal configuration (upsloping, or 
more often, downsloping) in pericarditis or atrial infarc- 
tion (Figures 7.5, see also Figures 9.30, 9.31 and 19.3). 

To measure the exact PR interval, it is best to utilize a 
device with at least three channels. The true PR interval is 
obtained by measuring from the onset of the P wave to the 
onset of the QRS complex in any of the three leads 
(see Figure 7.4). 
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Table 7.2 P wave height and duration in normal adults 


Lead | Lead Il Lead III Lead V,° 

P height (mV) 

Mean 0.49 1.03 0.69 0.40 

Range 0.2 to 1.0 0.3 to 2.0 0 to 2.0 0.05 to 0.80 
P duration (s) 

Mean 0.08 0.09 0.07 0.05 

Range 0.05 to 0.12 0.05to0.12 0.02 to0.13 0 to 0.08 
PR Interval (s) 

Mean 0.16 0.16 0.16 

Range 0.12 to 0.20 0.12to0.20 0.12 to 0.20 


* Twenty-five per cent of the series had a small terminal negative 
deflection of the P wave in lead V1. 
Adapted from Cooksey (1965). 
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Figure 7.4 Measurement of heart rate, PR interval and QT interval. 
Heart rate. The arrow is at the onset of a QRS complex. 

From the arrow, two cardiac cycles are measured. This distance 
correlates on the ruler with the heart rate, in this case 60bpm. 

PR interval. The true PR interval is the distance between the first 
inscription of P wave and QRS complex in any lead. In this case 
(see solid lines) this happens in lead II but not in I and II. 


QT interval (Malik and Camm 

2004; Bayés de Luna et al. 2006; 
Goldenberg - Zareba 2008) (see also 
Chapters 19, 21 and 24) 


The QT interval represents the sum of depolarization 
(QRS complex) and repolarization (ST segment and T 
wave). Often, particularly in the presence of a flat T wave 
ora U wave, it is difficult to measure the QT interval prop- 
erly. Itis commonly accepted that this measurement should 
be performed using a consistent method to ensure that 


Figure 7.5 (A) A typical example of sympathetic overdrive. ECG 
of a 22-year-old male obtained with Holter continuous recording 
method during a parachute jump. (B) Drawing of the tracing that 
shows how the PR and ST segments form the arch of a circumfer- 
ence with its center located in the lower third of the R downstroke. 


JTP ithe 
>300 ms 


JTp Tpe 
100 ms 


Figure 7.6 Method for measuring QT interval. The normal QT is 
usually less than half the RR interval. See examples of normal QT 
(1) long QT (2) and short QT (3 and 4). JTp =Jpoint-T peak. Tpe=T 
peak-end. 


equivalent measurements are taken when the QT interval 
is studied sequentially. The most suitable method entails 
considering the end of repolarization at a point where the 
tangent line following the descendent slope of the T wave 
crosses the iso-electric line, as seen in Figure 7.6. This figure 
also shows how to measure the QT interval in special situ- 
ations (see Figure 7.6B). Table 7.3 shows the normal range 
of QT intervals for various ages and gender groups. 

It is necessary to correct the QT interval for heart rate 
(QTc). The QT is clearly long when it is greater than half 
the RR distance. Usually, the QTc is shorter than 440 ms 
(99th percentile is 470 ms for men and 480 ms for women). 
In clinical practice, QTc may be measured with a ruler (see 
Figure 7.4), and it is considered that its duration should 
not exceed approximately 10% of the corresponding 
value according to heart rate. 
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Table 7.3 QTc prolongation in different age groups, based on the 
Bazett formula: values within the normal interval, borderline 
values and altered values. 


Value 1-15 years old Adult men Adult women 
Normal <440ms <430ms <450ms 
Borderline 440-460 ms 430-450 ms 450-470 ms 
Altered (prolonged) >460ms >450ms >470ms 


The time of day can influence the measurement as QT is 
longer in the evening and at night (Bexton et al. 1986; 
Morganroth et al. 1991), in addition to being longer in 
women than in men (Molnar et al. 1996). 

A long QT interval may be related to an inherited heart 
disease (congenital long QT syndrome) (Moss and Kass 
2005) (see Figure 21.10) and can be acquired in diseases 
such as heart failure and cardiac ischemia, in some elec- 
trolyte imbalances (especially hypokalemia), and after the 
intake of different drugs. It is considered that a drug 
should not increase the QTc by >30ms and that a change 
of 60ms may result in torsades de pointes (TdP) and sud- 
den cardiac death. Nevertheless, TdP rarely occurs unless 
the QTc exceeds 500 ms (Bayés de Luna 2011). 

A short QT interval can be found in cases of early repolari- 
zation, digitalis effect, hypermagnesemia, acidosis, among 
other conditions, and, rarely, in some genetic disorders asso- 


ciated with sudden death (short QT syndrome). Usually, in 
the latter case, the QT is <300ms and the T wave is peaked 
and tall, especially in V2-V3. In symptomatic short QT syn- 
drome, the distance from the J point to the T peak is shorter 
(<100ms) compared with asymptomatic short QT that is 
longer (see Figures 7.6 and 21.13) (Anttonen et al. 2009). 


P wave 


Axis of the P wave in the frontal plane (AP) 
The normal axis of the P wave (AP) in the frontal plane is 
around +60° (the P wave has a higher positive value in 
lead II than in I and II). In more than 90% of cases in the 
normal population, the AP is located between +30° and 
+70°. Deviation to the right (= 80°) may be seen in very 
lean individuals or in those with emphysema, and to the 
left (0°-30°) in very obese individuals. In normal individ- 
uals, AP is never located beyond +90° (negative P in I). 
This only may happen: (i) changes of electrodes; (ii) atrial 
inversion (right atrium to the left usually with ventricular 
inversion (dextrocardia) ); and (iii) ectopic rhythm. 


Polarity, morphology, and voltage 

The projection of the P loop in the frontal and horizontal 
plane hemifields explains the P wave morphology in dif- 
ferent leads (Figure 7.7). 


Le 


Vertical heart 


Ve ~ 


Figure 7.7 P wave morphologies in the different leads, as determined by the projection of the P loop in the positive and negative lead 
hemifields (see text). In a vertical heart we have a negative P wave in VL and ina horizontal heart we have a negative P wave in III. 
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Table 7.4 Q wave voltage in millimeters in different leads and at different ages* 


Limb Leads Precordlal Leads 
Lead Age No. Case Mean Range Lead Age No. Cases Mean Range 
| 24 hr 32 0.5 0.0-0.5 V, 24hr 41 0.0 0.0-0.0 
0-2yr 72 0.7 0.0-2.0 0-2yr 72 0.0 0.0-0.0 
3-5 72 0.1 0.0-1.0 3-5 72 0.0 0.0-0.0 
6-10 72 0.2 0.0-2.0 6-10 72 0.0 0.0-0.0 
12-16 68 0.1 0.0-3.0 12-16 49 0.0 0.0-0.0 
Adults 500 0.9 3.0-4.0 Adults 121 0.0 0.0-0.0 
II 24hr 32 5, 0.0-5.0 V3 24hr 41 0.0 0.0-0.0 
0-2yr 72 3 0.0-3.0 0-2 yr 72 0.0 0.0-0.0 
3-5 72 0.3 0.0-2.0 3-5 72 0.0 0.0-0.0 
6-10 72 0.5 0.0-3.0 6-10 72 0.0 0.0-0.0 
12-16 68 2 0.0-2.5 12-16 49 0.0 0.0-0.0 
Adults 500 Al 0.0-4.0 Adults 121 0.0 0.0-0.0 
IlI 24hr 32 2.5 0.5-9.0 V 24hr 41 0.0 0.0-0.0 
0-2yr 72 6 0.0-4.0 0-2 yr 72 0.0 0.0-0.0 
3-5 72 A 0.0-3.0 3-5 72 0.0 0.0-0.0 
6-10 72 0.6 0.0-3.0 6-10 72 0.4 0.0-1.0 
12-16 68 6 0.0-5.0 12-16 49 0.0 0.0-0.7 
Adults 500 A 0.0-6.0 Adults 121 0.0 0.0-0.5 
aVR 24hr 32 2.4 0.0-4.0 V, 24hr 41 1.3 0.0-1.5 
0-2yr 6 6 0.0-10.5 0-2 yr 72 0.1 0.0-1.0 
2-4 6 2.9 0.0-10.0 3-5 72 0.3 0.0-2.5 
5-10 53 A 0.0-10.0 6-10 72 0.2 0.0-1.5 
11-14 5 0 0.0-8.0 10-15 49 0.1 0.0-2.4 
Adults 151 2.0 0.0-8.0 Adults 121 0.1 0.8-1.6 
aVL 24hr 32 3 0.0-2.0 V; 24hr 41 2.2 0.0-5.5 
0-2yr 6 0.1 0.0-0.5 0-2yr 72 0.8 0.0-6.0 
2-4 6 0.2 0.0-1.0 3-5 72 0.8 0.0-3.0 
5-10 53 0.1 0.0-1.0 6-10 72 0.6 0.0-4.0 
11-14 5 0.1 0.0-0.5 10-15 49 0.3 0.0-2.1 
Adults 151 0:2 0.0-3.5 Adults 121 0.5 0.0-2.1 
aVF 24hr 32 1.8 0.0-6.0 Ve 24 hr 41 1.3 0.0-2.0 
0-2yr 6 12 0.0-4.5 0-2 yr 72 1.1 0.0-3.0 
2-4 6 13 0.0-4.0 3-5 72 0.7 0.0-2.5 
5-10 53 0.5 0.0-3.0 6-10 72 0.4 0.0-3.0 
11-14 5 0.4 0.0-2.0 10-15 49 0.5 0.0-1.7 
Adults 151 0.5 0.0-3.0 Adults 121 0.4 0.8-2.7 


* Adapted from American Heart Association (1956). 


Normally, the height and width of the P wave should 
not be greater than 2.5mm and 0.10s, respectively, in 
any lead. P waves of 0.12s or longer are definitively 
abnormal and those between 0.10 and 0.12s may be 
considered borderline (probably some interatrial block 
exists). Table 7.2 shows the P wave height and duration 
in normal adults (Cooksey et al. 1977). The values of P 
wave indices (duration and dispersion) in healthy sam- 
ples based in the Framingham Heart Study have been 
recently published (Magnani et al. 2010). The P wave is 
rounded, often with a small notch, and its morphology 
varies in the different leads (Figure 7.8). Although a 
peaked P wave is usually abnormal, however, in the 
absence of heart disease it may be seen in: (i) a very 


2.5 mm 


< > 
0.10 s 


Figure 7.8 Procedure for measuring height and width of the P wave. 


vertical heart; (ii) hyperthyroidism; (iii) sympathetic 
overdrive; (iv) cyanosis; or (v) acute bronchial asthma. 

In 25% of normal cases V1 will have a P wave with the 
+ morphology but with the negative component smaller 
than the positive one (see Chapter 9). 
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The atrial rhythm may be sinusal or ectopic and 
depending on that the P loop rotation will be different 
and also the morphology of the P wave in III, V1, and VL 
(Figure 7.9). 


ORS complex 


The study of a normal QRS complex encompasses: (i) its 
FP axis (AQRS); (ii) polarity, morphology, and voltage. 


Axis of the ORS in the FP (AORS) 

This is commonly between 0° and 90°, more toward 0° in 
the horizontal heart and toward 90° in the vertical heart. 
Normal hearts do not present AQRS beyond -30° (at -30° 
the differential diagnosis with partial superoanterior 
hemiblock must be performed), or +110° (at >90° the pos- 
sibility of right ventricular enlargement or inferoposterior 
hemiblock must be excluded). 


Polarity, morphology and voltage 

The morphology of the QRS complex according to the 
loop-hemifield correlation (see Figures 1.5 and 1.6), and 
the projection of QRS on different hemifields in the FP 
and HP in a heart without rotations (intermediate heart) 
can be seen in Figures 7.10 and 7.11. 

e Normally the QRS width should be, at most, 0.10s and 
the height of the R wave should not be greater than 25mm 
in leads V5-V6, 20mm in lead I, and 15mm in VL, 
although exceptions may exist. Voltage is considered low 
when the sum of the ORS voltages in I, II, and III is less 
than 15mm, or less than 5mm in V1 or V6, 7mm in V2 or 
V5, and 9mm in V3 or V4. 

e On the other hand, the amplitude of the Q wave 
should not usually be greater than 25% of the following 
R wave, although there are exceptions, particularly in 
II, VL, and VF, and it should be narrow (less than 0.04s) 
and sharp. 

e The normal values of intrinsic deflection time (IDT: 
time interval from the onset of QRS to the peak of R) in 
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Bap Figure 7.9 According to loop 

~ rotation (counterclockwise in the FP 
and HP in the case of sinus rhythm 
and clockwise in the case of ectopic 
rhythm), the P wave morphology in 
IN and V1 varies. 


V5-V6 and in V1 are 0.045s and 0.02-0.03s, respectively. 
IDT may be somewhat higher in athletes and in the pres- 
ence of vagal predominance. 

e The ranges and mean values of the Q, R, and S wave 
voltages in 12 leads and for various ages are shown in 
Tables 7.4-7.6. 


ST segment andT and U waves 


ST segment 

The ST segment is the distance between the end of the 
ORS (J point) and the onset of the T wave. Under normal 
conditions, this union is smooth and upsloping and usu- 
ally short (Figure 7.12). 


Normal variants: 

e Sometimes, particularly in women and the elderly, the 
ST can be straight (see below and Figure 7.13C,D). 

e The ST segment should be iso-electric, or only slightly 
(<0.5mm) above or below the iso-electric line. However, 
the ST is often above the iso-electric line (1 or even 2mm), 
especially in men and in V1-V2. Usually in these cases the 
ST presents some convex inflexion with respect to the iso- 
electric line (Figure 7.13H). 

e Especially in the presence of vagal predominance, the 
ST segment can present a convex elevation of, usually, 
1-3mm with respect to the iso-electric line, more com- 
monly seen in V3-V6, and sometimes in the inferior lead. 
This pattern, named early repolarization (see Figure 7.14), 
is usually preceded by the J wave and normalizes with 
exercise (see Chapter 24). Recently, it has been observed 
that many patients with idiopathic ventricular fibrillation 
present this pattern with some especial characteristics 
(Figure 7.15) (Haissaguerre et al. 2008). However, from an 
epidemiological point of view, its presence only represents 
a very slight increase in the risk of sudden death (11 in 
100000 vs. 4 in 100000 in a control group) (Rosso et al. 2008). 
e The rSr’ in V1, often with a saddle-type pattern and 
with some ST changes, can be observed in V1 in some 
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Figure 7.10 Projection of the QRS loop on the FP and HP in an intermediate heart, and morphology of the 12 ECG leads, as determined by 
whether the loop lies in the positive or negative hemifield of the different leads. In the case of vertical or horizontal heart we can do the same. 
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Figure 7.11 Different QRS morphologies in the six frontal plane leads, as determined by whether the QRS loop lies in the positive or 
negative hemifield of each lead (see text). 
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Table 7.5 R wave amplitudes in millimeters in different leads and at different ages* 


Limb leads Precordlal leads 
Lead Age No. cases Mean Range Lead Age No. cases Mean Range 
| 24hr 32 2.6 0.0-5.5 V, 24hr 41 16.7 3.0-23.0 
0-2 yr 72 4.2 0.0-10.0 0-2 yr 16 70 1.0-14.5 
3-5 72 5.0 2.0-10.0 2-4 16 75 1.0-14.0 
6-10 72 5.0 2.0-9.0 8-10 16 3.6 1.0-9.0 
10-15 49 4.8 1.3-11.4 11-14 15 5.1 0.5-15.5 
Adults 121 5.3 0.7-11.4 Adults 151 2.3 0.0-7.0 
II 24hr 32 5.5 1.0-21.0 V, 24hr 41 21.0 3.0-41.0 
0-2 yr 72 5.7 0.0-14.0 0-2 yr 16 13.0 4.5-22.0 
3-5 72 76 3.0-12.0 2-4 16 12.7 5.0-25.0 
6-10 72 7.2 3.0-13.0 8-10 16 78 2.0-14.0 
10-15 49 9.1 3.7-16.8 11-14 15 8.4 1.5-23.5 
Adults 121 71 1.8-16.8 Adults 151 5.9 0.0-16.0 
Ul 24hr 32 8.8 2.0-21.0 V; 24 hr 41 20.0 14.0-26.0 
0-2 yr 72 5.6 1.0-11.0 0-2 yr 16 14.0 3.0-24.0 
3-5 72 5.6 2.0-10.0 2-4 16 13.4 6.0-25.0 
6-10 72 4.2 0.5-13.0 6-10 16 8.4 5.0-12.5 
10-15 49 6.0 0.7-15.8 11-14 15 9.2 3.0-22.0 
Adults 121 3.8 0.3-13.1 Adults 151 8.9 0.5-26.0 
aVR 24hr 32 3.7 0.0-9.0 V, 24hr 41 9.0 3.0-32.0 
0-2yr 16 1.0 0.5-4.0 0-2 yr 16 20.0 3.5-35.0 
2-4 16 1.3 0.0-3.0 2-4 16 18.5 9.0-30.0 
8-10 16 1.2 0.5-6.0 8-10 16 4.9 4.0-30.0 
11-14 15 1.2 0.5-8.0 11-14 15 172 7.0-28.0 
Adults 151 0.8 0.0-5.0 Adults 151 4.2 4.0-27.0 
aVL 24hr 32 2.1 1.0-6.0 V; 24hr 41 2.0 4.5-21.0 
0-2yr 16 4.0 0.5-8.0 0-2 yr 16 6.0 2.5-25.0 
2-4 16 3.1 0.5-7.0 2-4 16 18.4 10.0-26.0 
8-10 16 1.2 0.5-8.8 8-10 16 174 6.0-28.0 
11-14 15 1.6 0.5-6.0 11-14 15 6.4 6.0-29.0 
Adults 151 2.1 0.0-10.0 Adults 151 2.1 4.0-26.0 
aVF 24hr 32 6.6 2.0-20.0 Ve 24hr 41 4.5 0.0-11.0 
0-2 yr 16 8.8 0.5-16.0 0-2 yr 16 2.0 2.0-20.0 
2-4 16 9.5 0.5-19.5 2-4 16 4.6 8.0-23.0 
8-10 16 8.5 3.5-14.0 8-10 16 2.5 6.0-19.1 
11-14 15 10.5 5.0-21.0 11-14 15 3.5 4.0-25.0 
Adults 151 1.3 0.0-20.0 Adults 151 9.2 4.0-22.0 


* Adapted from American Heart Association (1956). 


Figure 7.12 (A) Drawing showing the location of the J point. 
(B) The J point (arrow) in an ECG tracing. 


athletes and also in those with pectus excavatum or in a 
normal but more often lean individual when the V1 and 
V2 leads are located in a higher position (second intercos- 
tal space). However, this pattern should be differentiated 
from other ECG patterns with rSr’ in V1, especially with 
type II Brugada pattern (see Figure 7.16 and Figures 21.15 
and 21.17) (see Chapter 21). 


Measurement of the ST segment shifts: 

The reference points to measure ST segment elevation or 
depression are TP (or UP) intervals before and after the ST 
segment of interest (Figure 7.17a). If these intervals are 
not at the same level (iso-electric), the PR interval of the 
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Table 7.6 S wave amplitudes in millimeters in different leads and at different ages* 


Limb leads Precordlal leads 
Lead Age No. cases Mean Range Lead Age No. cases Mean Range 
| 24hr 32 6.3 0.0-15.0 V, 24hr 41 10.0 0.0-28.0 
0-2 yr 72 3.9 0.0-7.0 0-2yr 6 4.8 0.5-14.0 
2-5 72 2.5 0.0-6.0 2-4 6 8.8 3.0-16.0 
6-10 72 6 0.0-3.0 8-10 6 8.6 3.0-16.0 
10-15 49 8 0.0-6.8 11-14 15 11.6 0.0-20.0 
Adults 121 .0 0.0-3.6 Adults 121 8.6 2.0-25.0 
ll 24hr 32 3.2 0.0-7.0 V, 24hr 41 22.0 1.0-42.0 
0-2 yr 72 2.7 0.0-5.0 0-2yr 16 9.3 0.5-21.0 
2-5 72 6 0.0-4.0 2-4 6 16.0 8.5-30.0 
6-10 72 4 0.0-3.5 8-10 6 16.8 8.0-30.0 
10-15 49 6 0.0-4.9 11-14 5 20.8 7.0-36.0 
Adults 1241 2 0.0-4.9 Adults 151 12.7 0.0-29.0 
Ul 24 hr 32 2.3 0.0-3.0 V5 24hr 41 26.4 0.0-39.0 
0-2yr 72 1 0.0-3.5 0-2yr 16 10.2 0.5-23.0 
2-5 72 0.8 0.0-5.0 2-4 16 12.7 3.5-21.0 
6-10 72 0.7 0.0-4.0 8-10 16 16.3 8.0-27.0 
10-15 49 0.9 0.0-5.3 11-14 5 14.8 1.0-30.0 
Adults 121 1.2 0.0-5.5 Adults 151 8.8 0.0-25.0 
aVR 24hr 32 3.9 0.0-9.5 V, 24hr 41 23.0 0.0-42.0 
0-2 yr 6 6.3 0.0-14.0 0-2yr 6 10.2 2.0-22.0 
2-4 16 5.9 0.0-14.0 2-4 16 9.0 0.0-20.0 
8-10 16 49 0.0-10.0 8-10 16 11.2 4.0-170 
11-14 15 8.3 0.0-17.0 11-14 15 8.0 1.0-16.0 
Adults 151 4.3 0.0-13.0 Adults 151 5.2 0.0-20.0 
aVL 24hr 32 6.6 0.0-16.0 V, 24hr 41 12.0 1.5-30.0 
0-2 yr 6 3.4 0.0-7.0 0-2yr 6 6:1 1.0-13.0 
2-4 6 Zl 0.0-6.0 2-4 6 4.4 0.0-11.0 
8-10 6 3.2 0.0-7.0 8-10 6 5.7 0.5-12.0 
11-14 15 3.1 0.0-9.0 11-14 15 3.7 0.5-8.0 
Adults 151 0.4 0.0-18.0 Adults 151 1.5 0.0-6.0 
aVF 24hr 32 3.0 0.0-7.5 Vs 24hr 41 4.5 0.0-13.0 
0-2 yr 16 0.7 0.0-2.5 0-2yr 16 2.5 0.0-7.5 
2-4 6 2.1 0.0-14.0 2-4 6 1.6 0.5-5.0 
8-10 6 0.7 0.0-2.0 8-10 6 1.1 0.0-4.0 
11-14 5 0.8 0.0-2.5 11-14 5 0.9 0.0-2.0 
Adults 151 0.2 0.0-8.0 Adults 151 0.6 0.0-7.0 


* Adapted from American Heart Association (1956). 


Figure 7.13 Different morphologies of atypical ST segment and T wave in the absence of heart disease. (A) Vagal overdrive and 

early repolarization in a 25-year-old man. (B) Sympathetic overdrive during a crisis of paroxysmal tachycardia in a 29-year-old woman. 
(C) Straightening of ST in a healthy 45-year-old woman. (D) Flattened ST and symmetric T in a 75-year-old man without heart disease. 
(E) Another illustration of early repolarization. (F) A 20-year-old man with pectus excavatum. Normal variant of ST segment ascent (saddle 
morphology). (G) Straightening of ST with prolongation of QT at the expense of the ST segment in a 22-year-old male with hypocalcemia 
from renal insufficiency. (H) ST elevation even >1mm with mild convexity to iso-electric line that may be seen relatively often, especially 
in healthy young men. 
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Figure 7.15 Drawing of ECG pattern of early repolarization seen 
especially in inferior leads with J point 2 2mm. This corresponds 
to potentially malign pattern. 


same cycle is used as a reference level—baseline line 
(Figure 7.17b). The level of the ECG tracing at the onset of 
the QRS complex is used if the PR interval has a downslop- 
ing morphology. ST segment elevation is measured from 
the upper part of the iso-electric reference line to the 
upper part of the ST segment and depression is measured 
from the lower part of the reference line to the lower part 
of the ST segment (Figure 7.17c). 

At times, with a normal resting ECG, an exercise ECG 
test is required to determine the possible existence of 
ischemic heart disease. The test response must be com- 
pared with the clinical data to reach a diagnosis of ischemic 
heart disease. An ST segment that departs from a descended 
J point but rapidly attains the iso-electric line (depressed, 
rapid-ascent ST segment represents a physiologic response 
by the ST segment (Q,/Q, <0.5) (Figure 7.17b). 

At other times with a normal basal ECG after the exer- 
cise ECG test, the depressed ST segment slowly crosses 
the iso-electric line or stays depressed and pulls the T 
wave down, both of which are abnormal responses 
(Figure 7.17C,D). 


Figure 7.14 Typical ECG of early 
repolarization of benign type. See the 
ascent of the J point and ST elevation, 
especially in mid/left precordial leads 
(see text). 


T wave 

The study of the normal T wave encompasses: (i) its 
frontal plane axis; (ii) polarity and morphology, and 
(iii) voltage. 


Axis on the frontal plane (AT): 

Normal values range from 0° to +70°, with the limits of 
normality at +80° and —40°. The AT situated more to the 
left appears in sympathetic overdrive and in obese sub- 
jects with left AORS. However, even in very lean normal 
individuals with right AQRS, a negative but not deep T 
wave can be seen in III and VF, and a flattened T can be 
seen in lead II. 


ORS/T spatial angle: 

A widened spatial QRS/T angle measured by VCG is 
pathological and a marker of bad outcome (Kardys et al. 
2003) (see Chapter 3). This can be synthesized from the 
ECG (Rautaharju et al. 2007). However, it is probable that 
the measurement of QRS/T angle in FP by surface ECG 
may have similar values (see Chapter 3). 


Normal polarity: morphology and voltage: 

Normal T wave morphology depends on the relation- 
ship between the ventricular repolarization loop and the 
positive or negative hemifields of the different leads 
(Figure 7.18). Figure 7.18 shows the T loop and its projec- 
tion on FP and HP and Table 7.7 gives the range and mean 
values of the normal T wave voltage in 12 leads and for 
different ages. 
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Differential diagnosis of rSr' in V1/V2 in case of Brugada pattern Athletes and Pectus excavatum 


A Typell. 1 2 
Brugada patern V; 21CS a AICS V; 


4 — Usually ST 
V; at high take-of 
QRS junction/ST 
80ms>1. 


— Usually the r' 
is not sharp 
and not peaked 


— There is elevation 
of ST segment (see text) 


B Athletes 


— In absence of r' the ST 
at high take-of QRS 
junction/ST 780ms<1 
(see V2 in B-2) 


— The r' is sharp and peaked 
and usually with quick and 
ascent and descent 


— ST segment elevation 
if exist in V1 usually is 
<Imm 


C Pectus 
excavatum 


— The P' wave is negative in V1 


— The r' is sharp and peaked 
and the r' is followed by small 
ST segment elevation that may be 
concave or convex respect 
the isoelectric line 


ax 
ar: 0,5 


Figure 7.17 (A) Normal resting ECG. (B) A normal ECG response to exercise. Although the J point is depressed, the X point is rapidly 
reached so that Q,/Q,<0.5. In (C) and (D) two types of abnormal response can be seen. 


Although typically the normal T wave has a slow 
ascent and more rapid descent (see Figure 7.12), this 
morphology is frequently absent in normal cases. 
Relatively often, especially in women and older persons 
with no evidence of heart disease, the T wave shows a 
symmetric inscription (see Figure 7.13C,D). However, 
this pattern may also be seen in the early phase of left 
ventricular hypertrophy and is consistent with suspected 


ischemia under some specific clinical conditions (see 
Chapters 13 and 20). 

In the frontal plane the T wave usually follows, with 
some, usually small, differences, the direction of the 
ORS. In I, the T wave should be positive. In the vertical 
heart in VL the QRS is of low voltage and in this case 
the T wave is usually negative. The T wave is also posi- 
tive in II; sometimes is of low voltage or even flattened. 


78 The Normal ECG 


Figure 7.18 T loop and its projection on FP and HP. Observe the corresponding morphologies determined by the projection of the T loop in 


the positive or negative lead hemifields. 


In III, VE, and VL it can be positive, flattened, or nega- 
tive, according to the direction of the T loop. In VR it is 
always negative. A significant difference with AQRS 
direction is abnormal (see before). 

In the horizontal plane it is usually located more for- 
wards than the QRS (compare Figure 7.10 and 7.18). 
Because of this, in V1, the T wave is flattened, slightly 
negative or slightly positive. However, a deep negative 
T wave in V1 is rarely seen in normal subjects and it is 
even rarer in V1-V2. It is more frequent in women and 
Black people. An absolutely positive and symmetric T 
wave in V1 is not common in normal individuals; if this 
appears, especially if it is peaked, and precordial pain is 
present, the possibility of acute ischemia must be ruled 
out (Figure 13.10). In V2, T is generally positive, but it can 
be flattened or even negative but usually asymmetrical, 
in some middle-aged women and Black people with no 
apparent heart disease. In both cases, exceptionally, with- 
out any known cause it can be negative in other precor- 
dial leads. From V3 to V6, T should be positive. 


The voltage of the T wave is lower and the duration is 
longer than that of the QRS complex because ventricular 
repolarization is slower than depolarization. 

The height of the T wave does not usually exceed 6mm 
in the frontal leads or 10mm in the left precordial leads. 
Occasionally, the T waves are very high (up to 16-18mm 
in V2-V4, especially in vagal overdrive, while in sympa- 
thetic overdrive coinciding with tachycardia, the voltage 
of the T wave is usually lower. In any case, T is taller in the 
leads that face the AT. 

A very high T wave can be a variant of normality, 
but abnormalities such as hyperkalemia, subendocardial 
ischemia, some kinds of left ventricular enlargement, alco- 
holism, etc. should be excluded (Figures 13.10 and 13.15). 


U wave 

The U wave coincides with the supernormal excitation 
phase in the cardiac cycle. The electrophysiological origin 
of the U wave is not clear, although there are some experi- 
mental studies that suggest it is caused by repolarization 
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Table 7.7 T wave amplitudes in millimeters in different leads and at different ages* 


Limb leads Precordlal leads 
Lead Age No. cases Mean Range Lead Age No. cases Mean Range 
| 24hr 41 0.3 2.0 to 3.0 V, 24hr 32 1,3 -4.0 to 6.0 
0-2 yr 72 2.6 0.5 to 5.0 0-2 yr 6 -2.3 —4.5 to —0.5 
3-5 72 1.7 0.0 to 4.0 2—4 6 -2.2 -5.5 to —1.0 
6-10 72 2.0 0.5 to 4.0 8-10 6 -1.7 -3.0 to 1.5 
10-15 49 2.6 1.1 to 6.8 11-14 5 -1.3 -3.5 to 0.2 
Adults 500 3.0 1.0-5.0 Adults 151 0.2 —4.0 to 4.0 
Il 24hr 41 1.2 0.0 to 3.0 V, 24hr 32 1.3 -75 to 9.0 
0-2 yr 72 2.4 1.0 to 4.0 0-2 yr 6 -2.4 -6.0 to -0.4 
3-5 72 1.8 0.5 to 4.0 2-4 6 -2.6 -7.0 to -3.0 
6-10 72 2.1 0.5 to 5.0 8-10 6 0.0 -3.5 to 5.0 
10-15 49 3.0 0.9 to 6.5 11-14 5 0.7 -1.5 to 3.5 
Adults 500 3.8 1.0 to 6.5 Adults 151 5.5 3.0 to 18.0 
Ul 24hr 41 1.0 -1.0 to 3.0 V3 24 hr 32 -0.4 -7.0 to 4.0 
0-2 yr 72 0.2 0.0 to 3.0 0-2 yr 6 -0.7 -5.0 to 4.5 
3-5 72 0.2 0.0 to 1.5 2-4 6 -0.7 -5.0 to -5.0 
6-10 72 0.1 0.0 to 1.0 8-10 6 1.8 -2.0 to 4.5 
10-15 49 0.4 -1.9 to 3.1 11-14 115 1.7 0.0 to 5.0 
Adults 500 0.8 -1.0 to 3.4 Adults 151 5.4 -2.0 to 16.0 
aVR 24hr 41 —0.4 -3.0 to 2.0 V 24hr 32 -0.6 -70 to 3.0 
0-2 yr 6 -2.0 -3.0 to -0.5 0-2 yr 6 1.7 -2.5 to 5.0 
2-4 6 -2.5 -5.0 to-1.5 2—4 6 2.4 0.0 to 11.0 
8-10 6 -2.0 -3.5 to -0.2 8-10 6 3.2 0.0 to 9.0 
11-14 5 -2.2 —4.0 to -1.5 11-14 5 3.3 0.0 -70 
Adults 151 -2.3 -5.0 to 1.5 Adults 151 4.8 0.0 to 170 
aVL 24hr 41 0.1 -1.5 to 2.0 V; 24hr 32 3 -4.0 to 5.0 
0-2 yr 6 0.7 -0.5 to 2.0 0-2 yr 6 2.6 1.2 to 5.0 
2-4 6 1.4 —0.5 to 3.0 2—4 6 3.4 0.0 to 7.0 
8-10 6 0.7 -1.0 to 2.5 8-10 6 4.1 0.5 to 11.0 
11-14 5 0.8 0.5 to 2.0 11-14 5 3.1 1.0 to 5.0 
Adults 151 0.5 -4.0 to 6.0 Adults 151 3.4 0.0 to 9.0 
aVF 24 hr 41 0.9 -1.0 to 3.0 V; 24hr 32 2 -3.0 to 6.0 
0-2 yr 6 0.6 0.8 to 3.5 0-2 yr 6 2.2 0.5 to 4.0 
2-4 6 1.8 —0.2 to 4.0 2-4 6 3.2 1.5 to 5.0 
8-10 6 1.4 —0.2 to 3.0 8-10 6 3.1 0.0 to 4.18 
11-14 5 1.3 0.0 to 3.5 11-14 5 2.2 1.0 to 4.0 
Adults 151 1.7 —0.5 to 5.0 Adults 151 2.4 -0.5 to 5.0 


*Adapted from American Heart Association (1956). 


of the Purkinje fibers or afterpotentials (Surawicz 1998, 
2008). Recently it has been postulated (Postema et al. 2009) 
that an increase or decrease in U wave amplitude is mod- 
ulated by either an increase or decrease of the inward rec- 
tifier repolarizing current I,, occurring in the terminal 
part of the action potential. 

The U wave is a small, low-voltage wave that, when it 
is recorded, follows the T wave and normally has the 
same polarity. If not, it is always pathologic. It is best 
recorded in V3 and V4 and in elderly people (Figure 7.19). 
Hypokalemia and bradycardia cause it to be more evi- 
dent. Its voltage can also increase with digitalis and quini- 
dine administration, hypercalcemia, etc. 


A negative U wave in the precordial leads facing the 
left ventricle is a highly specific sign of heart disease, 
appearing especially in left ventricular hypertrophy and/ 
or related to ischemia (see Figures 10.20, 20.16, and 20.27). 
Characteristically, the presence of negative U waves in 
right precordial leads in the presence of chest pain is 
highly suggestive of left anterior descending coronary 
artery occlusion. 


Abnormalities of repolarization 

The abnormalities of repolarization encompass not only 
the U wave alterations already mentioned, but especially 
the T wave disturbances and the abnormal deviations 
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of the ST segment. These abnormalities may be of primary 
origin or secondary to changes of depolarization (Bayés 
de Luna 1998). 


Primary T wave disturbances 

These are changes of normal T wave such as T wave 
higher than normal or flat/negative often with prolonged 
QT interval. These changes are due to delayed transmem- 
brane action potential (TAP) in some regions of the heart 
or some layers of the left ventricle, that appear sometimes 
transiently, as a result of acute subendocardial ischemia 
(tall and symmetric T waves) or more frequently due to 
transmural post-ischemic changes (deep negative T 
waves in V1-V4). The symmetric and positive T wave in 
V1-V2 in the chronic phase of lateral MI may be a mirror 
pattern of post-ischemic lateral involvement and not a 
sign of acute ischemia. Other causes, such as ischemic 
stroke, electrolyte imbalance, etc., may also explain 
changes in T wave polarity (Chapters 13 and 20). 


Primary ST deviations 

Primary ST deviations include the abnormal elevations 
and depressions of ST. They are due to changes of TAP in 
some regions of the heart or in some layers of the left ven- 
tricle as a consequence of acute ischemia or other causes 
(see changes in ST segment) (see Chapter 13). 


Secondary abnormalities of repolarization 
Secondary changes encompass ST depression and/or 
asymmetric negative T wave and are due to changes in 
shape and duration of TAP of the ventricles secondary 
to conduction delays (bundle branch block) (see Chapter 11) 
and/or ventricular hypertrophy (strain pattern) 
(Bacharova 2010) (see Chapters 10 and 22). 


Mixed pattern (primary and secondary) 
Sometimes a mixed pattern (primary and secondary) may 
be seen (Figure 10.28C,D) (see Chapter 10). 
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Figure 7.19 Healthy 70-year-old male (my father). Observe the 
prominent U wave in V3. 


All changes in the normal morphology of the T wave and 
the abnormal deviations of the ST segment secondary to 
ischemic heart disease or present in other heart diseases 
or situations will be discussed later in Chapters 10-13 
and 20-22. 


Calculation of the electrical axis 


Mean electrical axis of depolarization and repolarization 
is the name given to the resultant vector of the forces gen- 
erated by these processes. Calculation of the electrical axis 
of the heart is very valuable in clinical practice, as we will 
see throughout this book. We can measure the mean elec- 
trical axis of atrial depolarization, ÂP, and those of ven- 
tricular depolarization and repolarization, ÂQRS and ÂT. 
Although the direction of these three axes does not corre- 
spond exactly with the direction of the maximum vector 
of the P, QRS, and T loops recorded by the vectorcardio- 
gram, in practice and for didactic purposes we will 
assume that this exact correlation exists. In daily practice 
we only calculate the electrical axes of P, QRS, and T in the 
frontal plane (I, II, MI, VR, VL, and VF). 

Recently, measurement of the spatial QRS/T angle has 
been considered of interest because it may be a marker of 
bad prognosis (Kardys et al. 2003) (see Chapter 1). In clini- 
cal practice checking the angle between ÂQRS and ÂT in 
FP has probably similar value. 

Here we refer exclusively to the calculation of the ÂQRS 
although the same procedure is used to obtain ÂP and ÂT. 
To calculate the ÂQRS we must see the ECG morpholo- 
gies and determine where the electrical forces are directed, 
as reflected by their projection on the positive or negative 
side of the different leads, that is, whether they lie in the 
positive or negative lead hemifields. We will consider first 
the morphology of the QRS complex with the ÂQRS at 
+60° and then axis deviations to the right and to the left. 


AORS at +60° (Figure 7.20) 

If we consider a ventricular depolarization loop with the 
initial and terminal small vectors directed upward and to 
the right, and the maximum vector pointing to +60°, it is 
understandable that the QRS complex is fundamentally 
positive in I, II, and II, although with small initial and 
terminal negativities. In this case, AQRS is directed 
toward +60° in spite of these small negative deflections. 
For this reason, we will forget the small negative initial 
and final deflections while we calculate the mean electri- 
cal cardiac axis. 

When the AORS is located at +60°, which is common in 
many normal individuals, the QRS is mainly positive in I, 
IL, and III with the maximum positivity in II. This is due to 
the fact that the projection of AQRS on the I, IL, and III leads 
of Einthoven’s triangle and the orientation of the axis with 
respect to the positive and negative hemifields of these 
leads are the origin of positive QRS morphologies in the 
three leads, but with the QRS complex having the highest 
voltage in lead II. This is because the vectorcardiographic 
loop with its corresponding main vector of AQRS at 
+60° lies mostly in the positive hemifields of I, II and M, 
but has its greatest positive projection on the positive 
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Figure 7.20 Calculation of the AQRS: when this 


+90° 


is situated at +60°, the projection on I, II, and M 


and the situation in the positive and negative ---- 


hemifields of these leads originate in I, IL, and III 
the morphology shown at the left of the figure. 
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Figure 7.21 QRS morphologies at different ÂQRS situations. 


hemifield of II. This is necessarily so to satisfy Einthoven’s 
law: I =I+I0. 

Considering the ECG-VCG correlation, when there 
are predominantly positive QRS complexes in I, II, and MI, 
with the maximum positivity in II (AQRS +60°), the maxi- 
mum vector of the QRS vectorcardiographic loop is 
directed at about +60°. 

Applying the hemifield theory, when ÂQRS is at +60° 
we can deduce the QRS morphology of the unipolar limb 
leads (VR, VL, and VF). In effect, VR has a negative mor- 
phology V because AQRS located at +60° falls in the 
negative hemifield of VR, and is on the limit between the 
positive and negative hemifields of VL. Since the loop 
rotates clockwise in VL, the isodiphasism in this lead is of 
the A- type. VF has a positive morphology /\ because 


AQRS at +60° remains in the positive VF hemifield. To 
summarize, when AQRS is at +60°: 


A "A "A ee “y YN 


Changes of ÂQRS to the right and to the 

left of +60° 

As the orientation of ÂQRS on the frontal plane changes, 
its projection on the three sides of Einthoven’s triangle 
and its location in the respective hemifields of the differ- 
ent leads varies, conditioning reciprocal changes in QRS 
morphology. 

Applying the hemifield theory and evaluating the pro- 
jection of ÂQRS on the three sides of Einthoven’s triangle, 
L I, and III, as was done with ÂQRS at +60°, it can be seen 
(Figure 7.21) how the morphology of QRS changes with the 
AQRS deviation to the right or to the left. It is recom- 
mended that the reader carry out this exercise for the entire 
circumference at 30° intervals, following the example of 
Figure 7.20 and drawing the result. As an example, we con- 
sider an AQRS deviated to the right and AQRS deviated to 
the left. 


AORS at +90° 

Projection on Einthoven’s triangle leads is the origin of an 
isodiphasic QRS complex in I and positive QRS com- 
plexes in II and II (Figure 7.22A). 

The QRS loop is situated on the limit between the 
positive and negative hemifields of lead I and rotates clock- 
wise, therefore, the resulting complex is isodiphasic and of 
the type Ar. The loop is projected on the positive hemifields 
of II and III equally, in other words, the maximum loop 
vector is equidistant from both directions, so the positivity 
is equal in II and III. This loop is situated in the positive 
VF hemifield and the negative VR and VL hemifields, 
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resulting in a positive complex in VF and negative com- 
plexes in VR and VL. In summary, with the AQRS at +90°: 


| VR VI VF 


ll Ill L 

4 A Ayy 
AORS at 0° 
The projection on the Einthoven triangle leads is reflected 
in positive ORS complexes in I and II (more in I) and nega- 
tive in IIL, but the resulting negative complex is of low volt- 
age because it is near the line separating the positive and 
negative hemifields of III (it begins at +30°) (Figure 7.23). 

The loop lies in the positive VL hemifield and the nega- 
tive VR hemifield, producing positive and negative QRS 
complexes in VL and VR, respectively. In VF the QRS 
complex is isodiphasic (maximum loop vector at 0°). If it 
rotates counterclockwise, as is most probable, it will be of 


the +-type Av: 
In summary, with the ÂQRS at 0°: 


| VF 


Il Il VR VL 
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AORS calculation in clinical practice 
The electrical axis of the heart is normally calculated by 
studying the morphologies in leads I, II and II, as 
explained, but the calculation is corrected, or quality con- 
trolled, using the unipolar limb leads (see below). 

As shown above, from +60°, characterized by positive 
ORS complexes in the three bipolar leads, deviation of the 
axis to the left or right produces changes in morphology 
that express the different situation of AQRS in the respective 
lead hemifields. These modifications are as follows: at 
+60° the ORS complex is positive in I, II, and II and at 
—120° it is negative in the same leads. The changes in mor- 
phology (from positive to isodiphasic or from isodiphasic 
to negative, or the reverse) occur at 30° intervals. They 
consist of progressive loss of positive area, beginning at 
III or I, (it depends if the change goes to the left or to the 
right) in such a way that for every 60° a positive complex 


Figure 7.22 Morphologies of I, II, and III 
with AQRS at +90°. 


becomes negative and for every 30° a positive complex 
becomes isodiphasic, or one isodiphasic negative until the 
ORS complexes in I, II, and II are all negative at -120°. All 
this can be summarized as follows. 

e As the ÂQRS moves to the left from +60° to +30°, 
until it finally reaches -120°, the QRS complexes gradu- 
ally become negative beginning with III, going from posi- 
tive to isodiphasic and from isodiphasic to negative with 
each 30° progression (Figure 7.24B). 

e When the AQRS moves to the right from + 60° to +90°, 
etc., until -120°, the complexes become negative, although 
commencing at I and likewise passing from positive to 
isodiphasic and from isodiphasic to negative with each 
30° change (Figure 7.24A). 

In practice, we can therefore calculate the AORS (or 
AP or AT), based on the I, II, and II morphologies, by 
adding or subtracting 30° in every advance from positive 
to isodiphasic or from isodiphasic to negative produced: 
adding when the change is initiated at I (in which case the 
morphology of I will be first altered than that of IIT) and 
subtracting when it is initiated from III (the morphology 
of III is then first modified than that of I). 

This is how to calculate the AQRS at 30° intervals, but 
to obtain intermediate values one proceeds as follows. If, 
for example, III is diphasic but more positive than nega- 
tive, according to the degree of positivity, the AQRS value 
will be +50°, +40°, etc. Example: 


AN AL +80 
AN D +40° 
AN A, + 


As mentioned above, the unipolar limb leads serve to 
calculate, adjust, or verify the calculations made of QRS 
in I, II, and III, For instance, if the QRS complexes in I, I, 
and III are positive, then AORS is at +60°. However, if 
QRS is diphasic in VL, with a slight preponderance of 
positivity, it means that AQRS is between +50° and +60°. 
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becoming negative from III (see text). 


Another example: if QRS is positive in I and II but nega- 
tive in III, the AQRS is around 0°; but if it is somewhat 
positive in VF, the AQRS will be between 0° and +10°, 
whereas if itis slightly negative, the AQRS will be between 
0° and —10°. 

This is the system used in practice because it gives 
approximations of 5° to 10° and can be realized almost 
instantaneously. Figure 7.25 shows the QRS morphologies 
in the frontal plane leads with varying AQRS positions. 
There are more exact procedures to calculate the electrical 
axis of the heart on the frontal plane, but they are more 


complicated. As they are less useful, they will not be 
described here. 

Figure 7.26 is an example of calculation of the AQRS, 
AP, and AT electrical axes of the heart (see legend). 


Indeterminate electrical axis 

The electrical axis of the heart cannot always be calculated. 
For instance, when there are isodiphasic complexes in 
various leads, as occurs in the SI, SII, and SIII morphology 
and in some cases of advanced right bundle branch block, 
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the electrical forces do not have a predominant direction. 
Instead, the first and second parts of the complex are 
oriented opposing each other with respect to the center of 
the heart. In these cases, the global cardiac AQRS cannot 
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Figure 7.25 Morphology of the QRS in the six frontal 
plane leads for different AQRS positions. 


Figure 7.26 ECG of a 50-year-old male without 
evident heart disease and without any apparent 
rotation (AQRS = +30°, qRs in V4-V5, and qR in V6). 


be calculated, although the electrical axes of the first and 
second parts can be, which is very useful in some cases of 
ventricular block (RBBB with superoanterior hemiblock) 
(Figure 7.27). 
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Figure 7.27 Procedure for calculating the 
electrical axis of the first and second parts 
of the QRS complex. 
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Figure 7.28 Above: AQRS direction in the vertical and horizontal 
heart. Below: QRS morphology in the vertical (A), intermediate 
(B), and horizontal heart (C). 


Rotations of the heart 


The heart can rotate on three axes: anteroposterior, longi- 
tudinal, and transversal (Figure 7.28). 


Rotation on the anteroposterior axis 

Rotation on this axis produces verticalization or horizon- 
talization of the heart. The most striking changes, and the 
most useful for this diagnosis, are seen in VL and VF 
(frontal plane). 


Vertical heart: 

Vertical heart is observed especially in people with very 
lean body habitus. The QRS loop is directed downward 
and rotates clockwise on the frontal plane, a large part of 
the loop lying on the positive VF hemifield with its initia- 
tion generally in the negative hemifield. In VL the mor- 
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phology is usually rS with low voltage P and T waves 
(Figures 7.29 and 7.30). When QS is seen in VL, the P and 
T waves are usually negative or mildly positive because 
this morphology represents the recording of the left intra- 
atrial potential. The morphology of HP leads may be 
different (Figures 7.29 and 7.30) according to the associated 
rotation (see later). 


Horizontal heart: 

Horizontal heart is seen especially in obese subjects. The 
ORS loop is directed slightly upward until about —20°, but 
not more than —30°, and rotates counterclockwise on the 
frontal plane. It has a large part of the loop lying in the 
positive VL hemifield, but with the initiation in the nega- 
tive hemifield. This loop is relatively closed, in contrast 
to the left superoanterior hemiblock, in which the loop 
is open and directed further upward. This explains the 
morphology of Figures 7.31 and 7.32. 


Rotation on the longitudinal axis 

Rotation on the longitudinal axis produces dextrorotation 
(clockwise) or levorotation (counterclockwise). The leads 
that best serve to diagnose this rotation are the precor- 
dials (horizontal plane). 


Dextrorotation: 

In dextrorotation the right ventricle is further forward 
than normal (clockwise rotation) and all the precordial 
leads record morphologies from this ventricle or transi- 
tion morphologies between the right and left ventricles. 
The vectorcardiographic loop in the horizontal plane is 
inscribed counterclockwise, with the final part of the loop 
directed backward and to the right (S until V6). The “q” 
wave in precordial leads is absent because the loop begins 
directly to the left (Figures 7.33 and 7.34). 


Levorotation: 
When the heart turns counterclockwise, the left ventricle 
faces the intermediate precordial leads, or even the right 
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precordial leads, explaining the Rs, qR, or solitary R 
morphology seen in V2 in cases of extreme levorotation. 
The vectorcardiographic loop in the horizontal plane 
rotates counterclockwise and is not as far backward as 
normal, and the last part of the loop is left, not right 
(Figures 7.33 and 7.35). 

With two-dimensional echocardiography correlation 
it has been demonstrated (Yanagisawa et al. 1981) that 


Figure 7.29 Healthy, 16-year-old, very 
asthenic male with vertical heart 
without dextrorotation. 


Figure 7.30 Healthy 26-year-old 
male with vertical and dextroro- 
tated heart. 


Figure 7.31 Very obese 40-year-old female 
with horizontal heart without 
levorotation. 


levorotation can be explained by aortic displacement with- 
out left ventricular enlargement necessarily being present. 

The levorotation concept is useful for the explanation 
of the different normal variants of QRS morphology as 
high voltage in V2-V3. However, it is better not to use it 
for the interpretation of an abnormal ECG, because it is 
more likely that the high-voltage R morphology present 
in V2-V3 in some cases of left ventricular enlargement is 


Characteristics of the Normal Electrocardiogram: Normal ECG Waves and Intervals 87 


Figure 7.32 Obese 35-year-old 
woman with horizontal and 
slightly levorotated heart. 


Figure 7.33 Above: Diagram to explain VF 
dextrorotation and levorotation. Below: The I 
most common loops in the two cases and the - 


VF, V2, and V6 morphologies. 


due to septal hypertrophy or biventricular enlargement 
rather than to levorotation. 


Rotation on the transversal axis 

There are some doubts about the way this rotation is 
produced, as well as the utility and veracity of this clini- 
cal diagnosis. It is possible that in some normal or 
abnormal hearts the QI, QU, QII and SI, SII, SII mor- 
phologies described by Cabrera (1963) as caused by 


Vi V4 


Dextrorotation or clockwise rot. 


Dextror. Levor. 


deviation of the cardiac apex forward or backward can 
be completely or partially explained by a certain degree 
of cardiac rotation on the transversal axis (Figure 7.36). 
However, these morphologies may be due to other 
causes. Specifically, it has been demonstrated (Bayés de 
Luna et al. 1982, 1987) that the SI, SII, SII may be seen 
in normal individuals associated to conduction delay 
in the anterior subpulmonary area of the right ventri- 
cle, probably as a result of a variation in the right 


Figure 7.34 A 21-year-old asthenic male, 
without heart disease, with a dextrorotated 
heart and SI, SII, SI morphology in the 
FP. 


male with levorotated heart in 
horizontal plane (R in V2) but 
without rotations in frontal plane. 


[Vi V2 V3 Vay V5 Ve 
i i Wa: A L se p a, Fl L Figure 7.35 Healthy 40-year-old 


ventricular Purkinje distribution and it is also fre- 
quently seen in some cases of right ventricle enlarge- 
ment (see Figure 7.27) (see Chapter 11). 


Combined rotations 
Transversal The normal heart is generally subject to more than one 


NN 
2 

axis rotation. The following are the most common associations. 

e Verticalization with dextrorotation, manifested by: 
-= Longitudinal A 
ongitudina 
a VL ve EvA 
With right AQRS (SI QIII) (see Figure 7.30). 

e Horizontalization with levorotation, characterized by: 


VL hve yrs À or J, and Ve pi 
Figure 7.36 When cardiac rotation on the transversal axis exists, 


the apex is displaced forwards or backwards. With left ÂQRS (Figure 7.32). 
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e Sometimes, horizontalization predominates over 
levorotation, and in this situation the left ventricle is 
further above and to the left and not as far forward, the 
right ventricle remaining underneath and in front of the 
left ventricle. In these situations, the low left precordial 
leads can be facing the right ventricle or a transitional 
zone in spite of horizontalization, accounting for the 
persistence of S until V6. This association, horizontal 
heart with RS until V6, must be differentiated from 
hemiblock of the superoanterior division of the left 
bundle branch. In the latter case, AORS is beyond -30° in 
the frontal plane, justifying the fact that in II the R < S 
(compare Figure 7.31 with 11.36). 

e Horizontalization with S in V6 


hay hd 


e Left superoanterior hemiblock 


e In vertical hearts: (VL \ VL and pi VF) there is some- 
times qR morphology in V3-V4, usually with a small S. This 
probably occurs because the heart is very vertical and the 
electrode placed at V3 is equivalent to V4-V5 (Figure 7.29). 
e When there is dextrorotation with horizontalization 
(Figure 7.37), the QRS loop has a clockwise rotation on the 
frontal plane and a maximum vector between +10° and 
+30°, explaining the at times marked “q” wave in III and 
the S wave in I. This morphology can be confused with 
inferior infarction. Suggesting positional origins are: (i) a 


ti HI 


clean-cut and narrow “q” wave (less than 0.04s), although 
it is relatively deep; (ii) absent or very small “q” wave in 
II and VF; (iii) a negative, but asymmetric, T wave in M; 
(iv) minimal or non-existent initial “r” wave in VR; (v) 
normality in the rest of the ECG. 


Electrocardiographic variations 
with age 


The most important characteristics of the ECG in healthy 
children and older persons, as compared with the adult 
ECG that we have been considering until now, are 
described below. 


Infants, children, and adolescents 

(Figures 7.38-7.43) 

The characteristics of ECGs in children and adolescents 
are as follows: 

e Faster heart rate. 

e Shorter PR interval. 

e The AP is sometimes to the left, occasionally passing 0°, 
without this fact alone being abnormal. 


e ÂQRS in the frontal plane moves to the right in the 
newborn. Over time the ORS loop is first located to the 
left, and later to the back (Figure 7.38), so lead V6 acquires 
adult morphology before lead V1. The morphology in V6 
is when a morphology type J, still exists in V1. When 
the rS morphology appears in V1 in an infant, the possi- 
bility that the child is preterm should be excluded before 
considering left ventricular enlargement (see Figure 7.39). 
e The intrinsicoid deflection time (time from the onset 
of QRS until the peak of R wave in V6) is normally up to 
0.03s in infants and up to 0.04s in children. 

e The heart is usually vertical or semi-vertical in early 
childhood, later becoming semi-vertical or intermediate. 
e There is rSr’ morphology in 5% of normal children 
(most commonly from 6 months up to 4 years). The nor- 
mal r’ usually varies with respiration and is low voltage. 
However, the r’ seen in different heart diseases is some- 
times also modified by respiration (Figure 7.40). 

e The ECG in post-term newborns usually presents R in 
V1, even with qR (Figure 7.41). Often a dominant R wave 
of low amplitude remains forever. This may be a source of 
confusion with right ventricular enlargement and lateral 
myocardial infarction in adulthood. 

e In contrast, the ECG in premature newborns may fre- 
quently present rS morphology in V1 (Figure 7.39). In 
Chapter 22 we will comment on the ECG findings that are 
consistent with suspected congenital heart diseases in the 
newborn. 

e The presence of childhood repolarization morphology 
(Figure 7.42) manifests as an asymmetric, negative T in V1 
or V1 and V2, and diphasic (-+) or humped T in the inter- 
mediate precordial leads. This morphology is caused by 
the T loop heading backwards after the first week, and 
later gradually assuming a forward direction (at the end 
of the first year, T is positive in V3 in 45 % of the cases, and 
at 8 years, in 95%). At times, certain characteristics of 
so-called “childhood repolarization” persist until 15-20 
years, especially in women. In summary, from the first 
day of life to the end of the first week, the T wave is posi- 
tive in V1. At the end of the first week, the T loop goes 
backward and becomes somewhat more anterior with 
time (Figure 7.43). 

e In some adolescents there is a high-voltage R wave in 
the precordial leads (SV2 + RV5 sums of up to 65mm) 
without echocardiographic evidence of left ventricular 
enlargement. 


Elderly people 

Several studies have found that in comparison to younger 
persons, the elderly present a higher incidence of the fol- 
lowing abnormal findings: 

e Arrhythmias (supraventricular and ventricular extra- 
systoles, atrial fibrillation, sick sinus syndrome, and AV 
block) 

e Ventricular blocks 

e Left and right ventricular enlargement morphologies 
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Newborn 


Figure 7.38 Changes in the direction of the QRS loop on the 
horizontal plane from birth to 6 years. 


Figure 7.37 (A) QRS loop and 
ECG morphologies in a case 

with the heart dextorotated, and 
horizontalized. (B) An example of 
this type of rotation in a healthy, 
obese 35-year-old female. 


e Important repolarization alterations. In most cases, 
these alterations are not caused by age but by underlying 
heart disease. 

In contrast, the following can be considered normal 
variants due to age: 
e High prevalence of sinus bradycardia 
e A somewhat longer PR interval than in the younger 
adult (normal upper limit: 0.22s) 
e The frontal AP frequently passing +60°, at least partly 
due to pulmonary emphysema 
e The frontal AQRS deviated to the left (including further 
than 0°) 
e Frequent dextrorotation (“S” wave until V6) because of 
the pulmonary emphysema often present in the aged 
e Decrease in amplitude of all the deflections. The 
decrease in amplitude of initial anterior vectors accounts 
for the poor progression of “r” from V1 to V3. For this 
reason, diagnosis of septal infarction in the elderly is often 
very difficult. However, especially in some thin old 
women a high-voltage R wave is seen in the left precor- 
dial leads, unaccompanied by echocardiographic evi- 
dence of left ventricular enlargement 
e Reversal of the QRS-T angle in horizontal plane with 
respect to infants (Figure 7.44) 
e Occasional depression of the ST segment greater than 
0.5mm with no evidence of heart disease. 

Figure 7.45 shows the normal ECG of a man of 90 years 
of age (my grandfather Michel) that presents several 
characteristics of a normal ECG of an elderly person. 
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Figure 7.40 A normal 2-year-old child. Observe how the rsr’ morphology in V1 varies with respiration. 
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Figure 7.41 Infant, post-term born. Observe the ECG 
at birth (A), at one week (B) and at one month (C). 


while in the 


horizontal plane there was in V1 a qR morphology 
with positive T at birth (A), which later became at 


, 


1 month solitary R with flattened T (B) at 1 year Rs 


The frontal plane has hardly varied 
with negative T wave (C). 
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Figure 7.42 ECG typical of a 
healthy 2-year-old child (my 
daughter Miriam). Observe the 
infantile repolarization from V1 to 
V3 and how there is qRs in V5 and 
V6, with RS in V1. The VCG loop 
has moved to the left but still does 
not point very far backward. 


3 
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Figure 7.43 Changes of T wave axis from newborn to adulthood. 
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Figure 7.44 Difference between AQRS and AT on the horizontal 
plane in infants and adults. 


is typical of the age with low voltage on the 
frontal plane and poor progression of the r 
from V1 to V3 and Rs in V6. In the lower 
strip we can see an atrial premature beat, 
which is relatively common at 

this age. 
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Figure 7.46 ECG of healthy 17-year-old 
male. Observe the modification produced 
during the hyperventilation test in the T 
wave, which goes from positive to negative, 
with a slight elevation in ST (arrows). It is 
now considered that these changes are non- 
specific, although connections recently 
established between hyperventilation and 
coronary spasm suggest that a review of the 
meaning of these changes is necessary. 
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Figure 7.47 42-year-old man, | 
healthy, with evident T wave 
changes during exercise (B). 

A and C correspond to ECG 
before and after 5m. post exercise. 
Repolarization changes were 
suspected to be due to hyperventi- 
lation. C.T: continuous tracing 
during hyperventilation that 
induce the same changes that 
disappear in a few seconds. 


| 


SILAS Mn Wee J 


Other ECG variants 


Gender 
The presence of J point elevation >0.1mV (and some- 
times even >0.2mV) in right precordial leads with ST 
segment of quick ascent and a little convex relative to the 
isoelectric line and asymetric T wave is present more 
frequently in men than in women (Surawicz 2003) (see 
Figure 6.25). 

Middle-aged women often present a T wave with a 
symmetrical inscription in right precordials (see T wave). 
In fact, various sophisticated parameters of T wave mor- 
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phology have gender-related differences in their prog- 
nostic predictive value for risk assessment (Porthan et al. 
2009). 

Other differences have also been found. For example, it 
has been shown that: 
e the value of the PR interval is shorter in women than in 
men (Magnani et al. 2010); 
e the duration of T wave alternans is longer in healthy 
women than in healthy men (Burattini et al. 2010); and 
e women with and without left ventricular enlargement 
have lower QRS voltages and shorter QRS duration than 
men (Okin 2006). 
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Race 
It has been demonstrated (Vitelli et al. 1998) that racial dif- 
ferences in ECG cannot be explained exclusively by varia- 
tions in coronary artery disease risk factors. The healthy 
Black population compared to the healthy White popula- 
tion in the United States present QRS voltages of higher 
amplitude (greater Cornell voltage criteria for left ven- 
tricular enlargement), more ST/T wave changes, typically 
in V1-V2, and longer PR intervals. However, the QTc was 
shorter in African Americans. 

Some other changes in comparisons between races 
have also been described. 


Body habitus 

Very lean subjects usually present AP and AQRS lifted 
to the right with higher voltage of QRS, especially in 
inferior and left lateral leads. Morbidly obese subjects 
usually present a low voltage of ECG (QRS and T wave), 
especially in precordial leads and therefore the voltage 
criteria for LVH are not useful (Domienk-Karlowicz et al. 
2011). In general, the ÂQRS is shifted to the left as obesity 
increases (Frank et al. 1986). The same may be observed in 
anasarca (Madias et al. 2001). 


Other factors 

Transitory changes of repolarization induced by hyper- 
ventilation sometimes during exercise test, glucose and 
alcohol intake, etc. may be seen even in healthy young 
people (Figures 7.46 and 7.47). 
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Chapter 8 


Diagnostic Criteria: Sensitivity, 
Specificity and Predictive Value 


In some situations, conventional electrocardiography is 
the technique with the best diagnostic efficacy. In other 
words, it enables us to define criteria that make it possible 
to determine if a certain disease process is present or 
absent better than any other diagnostic technique (Fisch 
1989; Schlant 1991). 

As a whole, conventional electrocardiography is 
considered a reference, or “gold standard,” technique for 
the diagnosis of atrial and ventricular conduction 
abnormalities, ventricular pre-excitation, most cardiac 
arrhythmias, and acute myocardial infarction. In some 
situations, other electrocardiological techniques may be 
needed for a reliable diagnosis. For example, in some 
tachycardias with a wide QRS, it may be difficult to 
distinguish between aberrancy and ventricular rhythm 
with a conventional surface ECG alone. The same 
limitation applies when locating an accessory pathway. 

In other circumstances, such as atrial and ventricular 
enlargement, alterations due to chronic ischemic heart 
disease (ECG findings of ischemia, injury, or necrosis), 
or other repolarization disorders, conventional electro- 
cardiography may yield valuable information for diagno- 
sis. However, it has less potential than other imaging 
techniques (for example, echocardiography for detecting 
atrial and ventricular enlargement, etc.). 

Itis important to know the true value of ECG diagnostic 
criteria in diseases in which electrocardiography is not 
the “gold standard” diagnostic tool (i.e. diagnostic crite- 
ria of atrial and ventricular enlargement, necrosis in 
chronic phases, tachycardia with wide QRS, etc.). The 
specificity and sensitivity of other electrocardiological 
techniques in the presence or absence of disease should 
be known. Thus, the concepts of sensitivity, specificity, 
and predictive value are indispensable for such 
evaluations. 

The true value of diagnostic criteria is determined by 
comparing the criteria obtained from a problem test or 
technique being evaluated (in this case, surface ECG or 
other electrocardiological techniques) with the results of a 


“gold standard” test for diagnosis, a reference test 
(Ransohoff and Feinstein 1979; Willems et al. 1985). The 
reference test may be another electrocardiological tech- 
nique (such as endocavitary techniques in the case of 
wide QRS) or a different type of test (echocardiography, 
hemodynamic evaluations, clinical findings such as the 
presentation of disease, etc.). It is only in the last few years 
that such concepts have been applied to ECG diagnosis; 
prior to that electrocardiographic diagnoses were often 
more intuitive than rational. 

The information derived from both the test problem 
(presence or absence of a determined ECG criterion, or 
positivity or negativity of an electrocardiological tech- 
nique) and reference tests considered “gold standard” 
for diagnosis (another electrocardiological technique 
(intracavitary) or other non-electrocardiological (imag- 
ing), or clinical findings, (presentation or not of the dis- 
ease) etc.) can be shown on a table with two rows (results 
of the problem test) and two columns (exact distribution 
of the disease according to the reference test). This is 
referred to as a 2x2 table (Table 8.1). Using this type of 
table, the sensitivity, specificity, and predictive value of 
the problem test can be calculated (Diamond and 
Forrester 1979; Wulff 1980). 


Specificity 


The specificity of a test (in this case a diagnostic criterion 
obtained by surface ECG or another electrocardiological 
technique) is defined as the percentage of normal 
individuals who do not present with the criterion. The 
smaller the number of normal individuals who present 
with the criterion, the more specific it is. For example, 
in evaluating the criterion R wave 235mm in V5 for the 
diagnosis of left ventricular enlargement, the specificity 
is 90 % if the criterion is found in only 10 out of 100 nor- 
mal individuals. If no normal individual presents with 
the criterion, the specificity is 100%. No false positive 
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cases exists. Specificity is calculated using the following 
formula: 


TN (true negatives) 
TN+FP (false positives) 


Specificity (%) of a criterion = x100 


where TN is the number of persons without the disease or 
abnormality, as confirmed by a reference technique, who 
do not present with the problem criterion (e.g. the num- 
ber of subjects without left ventricular enlargement, 
confirmed by echocardiography, who do not present with 
the criterion R wave 235mm in V5); FP is the number or 
persons without the disease or abnormality who present 
with the criterion. 


Sensitivity 


The sensitivity of an ECG criterion is defined as the 
percentage of individuals with a given abnormality 
who present with an ECG criterion (i.e. the percentage of 
persons with left ventricular enlargement (LVE) who 
present with R 235mm in V5). If all individuals with this 
abnormality (LVE) present with the determined criterion, 
the sensitivity is 100%. No false negative cases exists. 
Sensitivity is calculated using the following formula: 


TP (true positives) 
TP+FN (false negatives) 


Sensitivity (%)of a criterion = x100 


where TP is the number of the subjects with the disease or 
abnormality (in this case LVE) who present with the 
criterion; FN is the he number of the subjects with the dis- 
ease or abnormality who do not present with the criterion. 

Specificity is determined in the control group (patients 
without the pathology under study) and sensitivity in 
the group of subjects with the pathology as demonstrated 
by reference techniques (echocardiography, angiography, 
clinical course, etc.), in order to define the groups with 
and without the disease process. 


Predictive value 


The predictive value indicates the real clinical meaning of a 
test. It represents the true utility of a test result, whether 
positive or negative. It shows the percentage of patients 
with a sign or symptom that have or will have the disease or 
abnormality (positive predictive value) and what percentage 
of patients without the sign or symptom in question do not 
or will not have the disease (negative predictive value). The 
positive (PPV) and negative (NPV) predictive values are 
calculated using the following equations: 


TP 


PPV = ———— 
TP + FP 


TN 


NPV = ———— 
TN + FN 


Using sample sizes (i.e. 100 patients with left ventricu- 
lar enlargement defined by echocardiography and 100 
without left ventricular enlargement), the specificity and 
sensitivity of a determined criterion can be calculated, but 
not its predictive value. To calculate the predictive value 
of a criterion, the epidemiological reality must be 
considered and a patient cohort must be studied 
prospectively. 

Now, using some examples, we will present how we 
can calculate sensitivity, specificity and predictive values. 
If we study 100 consecutive patients with valvular heart 
disease (Table 8.1), we can see that the sensitivity of a +/- 
P wave in II, III, and aVF leads as a diagnostic criterion for 
left atrial enlargement has a very low sensitivity (2%) but 
on the other hand a very high specificity (100%). It means 
that very few patients with left atrial enlargement present 
with this criterion (low sensitivity), but at the same time 
there are no patients without left atrial enlargement who 
would meet this criterion (high specificity). All patients 
with valvular heart disease accompanied by a +/- P wave 
in II, IN, and aVF (ECG criterion) will present with left 
atrial enlargement (PPV 100%), although the absence of 
this ECG criterion does not exclude the previous 
diagnosis. Thus 98 of the patients with valvular heart 
disease that have left atrial enlargement do not present 
with P +/- in II, II, and aVF (NPV = 10%). 

Table 8.2 shows an example based on a cohort of 210 
postmyocardial infarction patients. In order to determine 
how many patients will develop malignant ventricular 


The lower the sensitivity (SE), the greater the number of 
false negatives; the lower the specificity (SP), the greater 

the number of false positives. The percentage (%) of FP is 
100- % SP and the percentage of false negatives = 100—% SE. 


arrhythmias (MVA) and whether or not the presence of late 
potentials is useful to identify them, we need to know the 
predictive value for positivity and negativity of late poten- 
tial techniques in this group of patients; in other words, we 
want to know the value of late potentials as a marker for 
poor prognosis in postmyocardial infarction patients. 
During a one-year follow-up, 10 of the 210 postinfarct 
patients present with MVA. In Table 8.2, calculations of the 
sensitivity, specificity, and predictive value of the late 
potential technique for this group of patients are shown. 
Sensitivity and specificity are high, 90% and 80%, 
respectively. However, as the number of patients without 
MVA is very high (200 patients) in spite of the high 
specificity (80%) there are 40 patients without MVA who 
present with positive late potentials. They must be added 
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Table 8.1 Calculation of sensitivity (SE), specificity (SP), positive and negative predictive values (PPV, NPV) of a certain 


electrocardiographic criterion? 


100 Patients with valvular heart disease 
LAE assessed by Total 
echocardiography 
Yes No 
, . TP 2 
100 patients P= in Il, Ill, VF 2 0 2 PPV = —__-=._""_ 4100 = 100% 
. TP+FP 2+0 
with valvular 
heart disease i ii 
without P+ in Il, 88 10 98 NPV = TN = 10 = 100% =10% 
II, VF TN+FN 10+88 
Total 90 10 100 
ses? = * x100=2% sp= N -10 _x100=100% 
TP+FN 2+88 TN+FP 10+0 
a An example to demonstrate whether the presence of an electrocardiographic criterion (in this case a +/— P wave in Il, III and aVF in 


patients with valvular heart disease) does or does not predict the presence of left atrial enlargement (LAE) as detected by 


echocardiography. 


FN: false negative; FP: false positive; NPV: negative predictive value; PPV: positive predictive value; SE: sensitivity; SP: specificity; 


TN: true negative; TP: true positive. 


Table 8.2 Calculation of sensitivity (SE), specificity (SP), positive and negative predictive values 


(PPV, NPV) of late potentials? 


210 Post-infarction patients MVA during follow-up 
Yes No Total 
Late potentials 9 40 49 PPV = TP _ 9 x100=18% 
210 post- (+) TP+FP 9+10 
infarction 
i Lat tential 1 160 161 
patients ate: Potentials NPV = IN. 160 x100 =99% 
(-) TN+FN 16041 
Total 10 200 210 
TP 9 TN 160 
SE = = x100 = 90% SP = —___ = ______x100 = 80% 
TP+EN 941 TN+FP  160+40 ° 


aAn example showing the prediction of the occurrence of a clinical event (in this case malignant ventricular 
arrhythmias—MVA) during follow-up in post-infarction patients using information derived from an 
electrocardiographic test (in this case the presence or absence of late ventricular potentials). 

FN: false negative; FP: false positive; NPV: negative predictive value; PPV: positive predictive value; 

SE: sensitivity; SP: specificity; TN: true negative; TP: true positive. 


to the group of 9 out of 10 patients with MVA who also 
present with positive late potentials and will develop 
MVA during follow-up, so the positive predictive value is 
very low (<20%). In contrast, the negative predictive 
value will be very high (99%) because only 1 of the 161 
patients without late potentials will develop MVA during 
follow-up. This means that if late potentials are absent in 
postmyocardial infarction patients, the risk of MVA dur- 
ing follow-up is extremely low (<1%); if they are present, 


it is not very useful to predict which patients will present 
MVA during follow-up, although the risk of MVA is 
somewhat higher. 

The system shown in Tables 8.1 and 8.2 for calculating 
sensitivity, specificity, PPV, and NPV is easier and more 
practical than using the formulas mentioned above. 

However, if the number of postmyocardial infarction 
patients who had presented with MVA in the course of 
follow-up had been higher (i.e. about 50%, or 100 out of 
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Table 8.3 Calculation of sensitivity (SE), specificity (SP), positive and negative predictive values 


(PPV, NPV) of late potentials* 


210 Post-infarction patients MVA during follow-up 
Yes No Total 
210 Late potentials 90 22 112 PPV = TP = 90 x100 = 80% 
post- (+) TP+FP 904+22 
infaretión Lat tential 10 88 98 TN 88 
: ate potentials 
patients NPV = = 100 = 90% 
(-) TN+ FN 88+10- ° 
Total 100 110 210 
e= P -90 _x100=90% sp- N =- 88 _,100=80% 
TP+FN 90+10 TN+FP 88+22 
a An example showing the prediction of the occurrence of a clinical event (in this case malignant ventricular 
arrhythmias—MVA) during follow-up in post-infarction patients using information derived from 
electrocardiographic test (in this case the presence or absence of late ventricular potentials). In this case 


the number of patients presenting ventricular malignant tachycardia during follow-up is much higher than in 


Table 8.2. 


FN: false negative; FP: false positive; NPV: negative predictive value; PPV: positive predictive value; 
SE: sensitivity; SP: specificity; TN: true negative; TP: true positive. 


210), it would have yielded a much higher number of 
positive late potentials (90+22=112) instead of 49, 
although the sensitivity and specificity would have been 
the same (90 % and 80%). We may examine this using the 
methodology shown in Table 8.3. Because most of these 
patients (90 of 112) would have presented with MVA, the 
positive predictive value would have been much greater 
(80), although the negative predictive value would have 
been somewhat lower (=90% instead of 99%). This 
example shows that it is necessary to adapt the epidemio- 
logical facts of each situation studied in the evaluation of 
predictive value. 

We should remember that the sensitivity and specificity 
of ECG criteria vary inversely: highly specific criteria will 
be less sensitive. For example, P wave > 150 ms is very spe- 
cific for left atrial enlargement (LAE) because few persons 
without LAE present with it, but it is also less sensitive 
because few persons with LAE have such a long P wave. 

Because of this inverse relationship, it is difficult to find 
criteria that maintain high levels of sensitivity without 
sacrificing specificity. We think that it is better to use 
highly specific criteria (very few false positives), even if 
the sensitivity is not very high. It would be ideal if a 
criterion had a sensitivity and a specificity of more than 
90%, but this, as seen throughout this book, is uncom- 
mon. However, we should remember that depending on 
the sample size and type, even with a relatively high 
specificity and sensitivity, the true utility of a sign (its 
PPV) may be low (Table 8.1). 


Highly sensitive ECG criteria, although less specific, 
are useful for screening studies, while highly specific 
ECG signs usually confirm the existence of a disease, 
although they often do not appear, even in the presence of 
it. Clinicians should know the sensitivity, specificity, and 
predictive values of different ECG criteria and tests to 
better evaluate the presence or absence of the pathology 
in question. 


Bayes’ theorem 


To conclude, it should be remembered that the reliability 
of a test (in our case, of an ECG criterion) increases or 
decreases in accordance with Bayes’ theorem (Patterson 
et al. 1984). According to this theorem, when a criterion is 
applied to a population group that has a high prevalence 
of heart disease (in other words, a high a priori probability 
of presenting with the disease), the predictive value of 
the criterion increases. In contrast, the predictive value 
decreases when applied to a population group with a low 
prevalence of heart disease (low a priori probability). For 
example, the value of ST segment depression as a sign of 
ischemic heart disease is much greater when observed in 
a population group that has a high prevalence of ischemic 
heart disease (i.e. middle-aged men with hypercholester- 
olemia, hypertension, and precordial pain) than in a 
population group with a low prevalence of heart disease 
(i.e. young adults with no risk factors). 
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Chapter 9 


Atrial Abnormalities 


Concept 


This chapter examines the electrocardiographic abnor- 
malities seen in atrial depolarization (P wave) caused by 
atrial enlargement and/or atrial conduction disturbances, 
including the rare cases of atrial dissociation. ECG 
changes due to abnormal atrial repolarization are also 
discussed (Zimmerman 1968; Bayés de Luna 1998). 

The following issues should be taken into con- 
sideration: 
¢ The normal P wave is produced by the depolarization 
of the right atrium, followed by the left atrium, with an 
interval in which both atria are depolarized (Figure 9.1). 
¢ The ECG expression of atrial enlargement is due more 
to atrial dilation than atrial hypertrophy because the 
atrial wall is very thin and when submitted to an increase 
in pressure it usually dilates before increasing its myocar- 
dial mass (Ferroglio et al. 1979). 
e Atrial blocks and atrial enlargement (dilation) are 
separate entities that are often associated with each other. 
In fact, different types of atrial block are responsible for 
many ECG patterns characteristic especially of left atrial 
enlargement. However, there are ECG changes found in 
cases of isolated atrial block that are demonstrated by lack 
of atrial enlargement and/or by the transient ECG pattern 
(see atrial blocks). We must remember that ventricular 
blocks are sometimes partially responsible for the ECG 
pattern of ventricular enlargement (see Chapter 10). In the 
current chapter, “Atrial abnormalities,” we comment sep- 
arately on both atrial enlargement and atrial block. We do 
not consider it appropriate to use this “umbrella” term to 
include both concepts without distinguishing between 
them, as some authors do (Lee et al. 2007: Tsao et al. 2008). 
e The standard techniques to correlate ECG changes 
with the presence of atrial enlargement were previously 
based on anatomic, radiologic, and hemodynamic stand- 
ards (Reynolds 1953; Morris et al. 1964; Gordon et al. 1965; 
Saunders et al. 1967; Anselmi et al. 1968). The necropsic 
studies used were feasible only in cases of very advanced 


heart disease, and thus their utility was limited. For more 
than 35 years, M-mode echocardiography and especially 
2D echocardiography have been considered the “gold 
standard” techniques for correlation (see later) (Chirife 
et al. 1975; Reeves et al. 1981; Miller et al. 1983; Kaplan 
et al. 1994; Lee et al. 2007) (Tables 9.1 and 9.2). 

e Cardiovascular magnetic resonance (CMR) is cur- 
rently the gold standard for atrial volume assessment. It 
has recently been demonstrated that 2D transthoracic 
echocardiography consistently underestimates the left 
atrial (LA) and right atrial (RA) volume compared with 
CMR imaging (=15-20%) (Rodevan et al. 1999; Whitlock 
et al. 2010). However, as the volumes assessed by the two 
techniques have similar slopes, except for the underesti- 
mation by 2D echocardiography, the study performed 
using CMR to evaluate LA volume would likely result in 
similar results to those obtained using 2D echocardiogra- 
phy (Lee et al. 2007). The accuracy of ECG criteria for left 
and right atrial enlargement as detected by CMR has 
recently been shown (Tsao et al. 2008) (Tables 9.1 and 9.2). 
Finally, it has also been demonstrated that signal-aver- 
aged P wave duration significantly correlates with the 
dimensions of the atria (Dixen et al. 2004). 

e The sensitivity and specificity of different criteria var- 
ies with the methodology used, and particularly with the 
type of population studied. The specificity is usually 
much higher and the sensitivity lower, but this increases if 
the population studied presents with a higher degree of 
atrial enlargement. 

¢ The blocks at atrial level may be first degree or partial, 
and third degree or advanced. Both types, if they are 
transient, may be considered second degree (atrial 
aberrancy). The blocks between the two atria—the 
interatrial blocks—are the atrial blocks that will be 
discussed at length. 

¢ Under normal conditions, the atrial repolarization 
wave (Ta), which is opposite to the P wave but of very low 
voltage, remains hidden in the QRS complex and is not 
very visible (see Figures 7.1 and 9.29) (see Chapter 7). 
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Table 9.1 Right atrial enlargement. ECG criteria with high specificity (see text) 


ECG criteria SE % SP% 
QRS criteria 
e OR orqR in V1 
Sodi-Pallares 1956; Reeves et al. 1981 * =15* >95* 
e QRS V1 <4mm + QRS V2/V1 25 
Reeves et al. 1981* 46* 93* 
e R/S>1 inV1 

aplan et al. 1994* =25* >95* 
e AORS > 90° 

aplan et al. 1994* 34* >95* 
P criteria 
e P wave in inferior leads > 2.5mm 

aplan et al. 1994* 6* 00* 
Tsao et al. 2008** JAE 00** 
e Positive part of P wave V1 > 1.5mm 

aplan et al. 1994* 17* 00* 
Tsao et al. 2008** 10** 96** 
e Positive part of P wave V2 > 1.5mm 

aplan et al. 1994* 33* 00* 
Combined 
e Positive part of P wave in V2 > 1.5mm +ÂORS >+90°+R/S >1 inV1 

aplan et al. 1994* 49* 00* 


*Standards of echocardiography; **standards of cardiovascular magnetic resonance. 


Table 9.2 Left atrial enlargement. ECG criteria based on P wave changes with high specificity 


(see text) 

ECG criteria SE% SP% 
e Morris index (Morris et al. 1964) (P terminal force in V1 mm/s) (0.04mm/s) 69* 93" 
Munuswamy et al. 1984* 

Tsao et al. 2008** 37** 88** 
e NYAC score 

P >120ms in| or Il + Morris index (>0.04mm/s) + AP ~0° 

Bartell et al. 1978 15* 98* 

e P >120ms in lead II + Terminal mode negative of P in V1 >40ms 

Bosch et a/. 1981 50* 87* 

e P >120ms in lead Il + Morris index (> 0.04 mm/s) 

Lee et al. 2007* 69% * 49% * 
e Interpeaks of P wave >40ms 

Munuswamy et al. 1984* 15% 100* 
Tsao et al. 2008** ore 99** 
e P in Il, Ill, VF 

Bayés de Luna et al. 1985* 5* 100* 

e AP beyond +30° 

Tsao et al. 2008** grx 90** 
e P wave duration in II or Ill leads >0.12s 

Munuswamy et al. 1984* 33% * 88%* 
Lee et al. 2007* 69% * 49% * 
Tsao et al. 2008** 60% ** 35% ** 


*Standards of echocardiography; **standards of cardiovascular magnetic resonance. 
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Figure 9.1 Above: diagram of atrial 
depolarization in a normal P wave 

(A), right atrial enlargement (RAE) 
(B), and left atrial enlargement 
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Associated diseases and the underlying 
mechanism of ECG changes 

The heart diseases most frequently associated with right 
atrial enlargement (RAE) are congenital heart disease, 
chronic obstructive pulmonary disease (COPD) and val- 
vular heart disease with right ventricular involvement. 

It has been observed that when the right atrium 
enlarges, the P wave increases in voltage and peaks. The 
duration of the P wave does not increase; although right 
atrial activation may be prolonged, it never exceeds the 
duration of left atrial activation (Figure 9.1B). 

In COPD, pulmonary hypertension, and pulmonary 
emphysema, the P loop often points to the right and 
downward (vertical), although not beyond +90°. This 
explains why the AP is generally deviated to the right 
(P pulmonale). Thus, the projection of the vertical P loop 
on the frontal and horizontal plane results in a low-voltage 
P wave in V1 and lead I and a peaked P wave of high volt- 
age in II, II, and VF (P 22.5mm) (Figures 9.2B and 9.3B). 

In some congenital heart diseases, such as Fallot’s 
tetralogy, the P loop points more to the left and forward. 
This explains why the AP is displaced somewhat to the 
left, and consequently the P wave voltage in lead III is 
lower than in leads I and II (P congenitale) (Figures 9.2A 
and 9.3C). Sometimes the voltage in leads I and II is of 
high amplitude (>2mm and peaked). The projection of 
this forward-pointing P loop on the horizontal plane pro- 
duces a P wave in V1 with a voltage that may be high and 
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positive or present with a + morphology but with a rapid 
inscription diphase (A), the opposite to that observed in 
left atrial enlargement (LAE) (^v). Exceptionally, a ~\- pat- 
tern or even \ may appear in V1, but in V2 a predomi- 
nantly positive morphology is usually recorded. This 
pattern in V1 is probably caused by the very enlarged and 
dilated RA, which adopts a low anterior position, and the 
electrode of V1 faces the negativity of the P vector. The 
congenital heart diseases that frequently present with 
these P wave characteristics in V1-V2 are Ebstein’s dis- 
ease, severe pulmonary stenosis, and tricuspid atresia. In 
the case of Ebstein’s disease, the P wave in V1 may pre- 
sent with a large voltage, at times only positive and 
peaked, while at other times biphasic with a large nega- 
tive node (P +- — —). Occasionally the P wave voltage is 
similar to or even greater than the ORS voltage, with the 
ORS usually showing an atypical right bundle branch 
block (RBBB) pattern (Figure 9.4). 


Electrocardiographic diagnostic criteria: 

imaging correlations 

Although many diagnostic criteria were described based 
on anatomic correlations or electrophysiological hypo- 
theses (Sodi-Pallares 1956), the majority have been stud- 
ied in the last 30 years based on echocardiography, 
especially with two-dimensional measurements (Reeves 
et al. 1981; Kaplan et al. 1994). Recently, CMR standards 
have been introduced for for this purpose (Tsao et al. 
2008). Table 9.1 shows the ECG patterns that demonstrate 
a very high specificity for RAE based on these studies, 
although the sensitivity never is 250%. 


Figure 9.2 Loops of the P congenitale 

(A) and P pulmonale (B) waves with the 
morphologies in each lead. These are 
determined by whether the loop projection 
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QRS criteria (indirect) 

These include (Table 9.1): 

¢ qR (QR) morphology in lead V1 (Figure 9.5). According 
to Sodi-Pallares (1956), this morphology is explained by 
the presence of an enlarged right ventricle that is shifted 
forward, changing the direction of the septal vector to 
point forward and somewhat to the left. Consequently, 
lead V1 faces more towards the tail than the head of the 
vector and a “q” wave is recorded (Figure 9.6). In the 
absence of RBBB, this criterion has a very high specific- 
ity (> 95%) (Reeves et al. 1981). 

e An important difference in QRS voltage between V1 
(low voltage) and V2 (high voltage) (Figures 9.5, 9.7, and 
9.8). This was attributed to a very dilated right atrium 
located close to V1 that acts as a barrier, thereby reducing 
QRS voltage in this lead. A voltage of QRS in V1 <4mm 
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Figure 9.3 Examples of P wave morphology 
and loops in the following cases: (A) normal, 
(B) P pulmonale, (C) P congenitale, (D) left 
atrial enlargement. 
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plus a V2/V1 ratio 25 has an SP=93% and an SE=46% 
(PV =86%) for RAE (Reeves et al. 1981). 

¢ R/S >1 in V1 in the absence of other causes that may 
increase the R voltage in V1 (see Table 10.3). This sign has a 
high specificity (SP >95%) and low sensitivity (SE=25 %). 
e AQRS 290° (RS in lead I) has high SP (>95%) and a 
moderate SE (34%). 


P wave criteria (direct) 

These include (Kaplan et al. 1994; Tsao et al. 2008): 

e P voltage >2.5mm in inferior leads has a low sensitiv- 
ity (<10%) but it is highly specific (100%). 

e Positive voltage of P in V1 >1.5mm has a great 
specificity (> 95%) with low sensitivity (10%). 

e Positive voltage of P in V2 >1.5mm also has a high spec- 
ificity (100 %) with slightly higher sensitivity (GE=33 %). 
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Figure 9.4 ECG and VCG of a 
one-year-old girl with Ebstein’s 
disease. Note the long PR, the 
high-voltage P wave hidden in 
the T wave (+- — — mimicking 
rS morphology in V1), and the 
atypical right bundle branch 
block morphology. 


Figure 9.5 A 60-year-old woman 
with mitro-tricuspid valve disease 
who presented with ORS criteria 
for RAE and right AQRS with 

rS in V6 (right ventricular 
enlargement). 
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Figure 9.6 The more anterior location of the right ventricle that 
can be seen in right ventricular enlargement can explain how the 
normal first vector is seen as negative in V1. 
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Figure 9.7 A 52-year-old woman with double mitral and double 
tricuspid lesions. The difference between the very low QRS 
voltage in V1 and the high voltage in V2 is striking. 


Combining QRS and P criteria 
The combined criteria PV2>1.5mm_+AQRS >90°+R/Sin 
V1 >1 have a correct sensitivity (~50%) with specificity of 
100% (Kaplan et al. 1994). 
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Figure 9.8 A patient with chronic cor 
pulmonale and an acute respiratory 
affection. A tall, peaked P wave (B) that 
did not previously exist (A) appeared, 
disappearing a few days later (C). Observe 
how the negativity of the T wave increases 
in V1 and V2 in the B tracing. 


Figure 9.9 A 62-year-old woman with double mitral and double tricuspid lesions in congestive heart failure and with a history of at least 

10 years of atrial fibrillation. With this rhythm, “f” waves were not seen in any lead. Unexpectedly, she changed to a sino-atrial rhythm with 
a PR of 0.26s (in atrial fibrillation and a small amount of digitalis, there was also an important AV block). The “P” wave was very short and 
only visible in V1 and V2; in the other leads it appeared to be a junctional rhythm. The fact that the P wave is + in V1 practically eliminated 


the possibility of ectopic rhythm. 


In clinical practice, the most useful criteria for RAE are 
those that have the highest specificity (100%) with an 
acceptable sensitivity (50%) (see Table 9.1). 

e Direct P wave criteria are very specific but their sensitiv- 
ity is very low. 

¢ The QRS criteria with a QRS amplitude in V1 <4mm + 
ratio V2/V1 >5 are highly specific (>90%) with moderate 
SE (=45 %) (Reeves et al. 1981). 

¢ The combined P + ORS criteria with a P wave amplitude 
in V2 >1.5mm + AQRS >90° + R/S ratio >1 in V1 in the 
absence of RBBB have 100% specificity and 50 % sensitivity 
(Kaplan et al. 1994). 


False positive and false negative diagnoses of 

right atrial enlargement 

The ECG diagnosis of RAE may be very difficult to reach 
for the following reasons: 

e The voltage of the P wave is strongly influenced by ext- 
racardiac factors, which may result in increases (hypoxia, 


sympathetic overdrive, etc.) (false positive) (Figure 9.8) or 
decreases in voltage (emphysema, other barrier factors, 
atrial fibrosis, etc.) (false negative) (Bayés de Luna et al. 
1978a) (Figure 9.9). 

e The presence of associated atrial block may result in 
the transient or permanent disappearance of the ECG 
criteria for right atrial enlargement (false negative) 
(Figure 9.10). 

e On the other hand, a high-voltage P wave may be 
seen in patients with exclusively left heart pathology 
and possible left atrial enlargement (false positive) 
(pseudo-P-pulmonale) (Chou and Helm 1965) (see 
Figure 9.20A). 

These are some of the reasons why changes in the 
atriogram are generally not very sensitive (many false 
negative) for the diagnosis of RAE. Although there are 
some factors that increase the incidence of false positives, 
they are usually fewer and therefore the specificity of 
ECG criteria for RAE is much higher. 


A 
4-1-74 
B 
Figure 9.10 (A) A 45-year-old patient with 15-11-74 
subacute cor pulmonale. Note the right ÂP. 
Some days later (B), the ÂP was left, 
returning to the right in a third ECG (C) c 


recorded at 15 days. This example shows 

how P waves that fail to suggest right atrial 

enlargement can be seen in cases where the 2-II-74 
right cavities are affected by right atrial 

enlargement due to atrial aberration. 
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Figure 9.11 P loop of left atrial enlargement and the morphology 
in various leads, determined by whether the loop projection lies 
in the respective positive or negative hemifield (see text). 


Left atrial enlargement 

Associated diseases and underlying mechanisms 
of ECG changes 

In the past, the most common associated diseases were 
rheumatic heart diseases, particularly mitral stenosis. In 
fact, the characteristic bimodal P wave of left atrial 
enlargement (LAE) has been called “P mitrale.” However, 
this type of P wave is currently seen particularly in the 
presence of other causes of LAE, such as cardiomyopa- 
thies, especially dilated cardiomyopathy, arterial hyper- 
tension, and ischemic heart disease. 

The P wave seen in LAE has a longer than normal dura- 
tion due more to the accompanying interatrial block that 
increases the time the stimulus needs to cover the same 
distance than to the hypertrophy of the LA mass itself 
(Josephson et al. 1977; Velury and Spodick 1994). The 
enlarged left atrium first expands towards the back so the 
vector of LAE points backward (Figure 9.11). Moreover, 
because of the accompanying atrial conduction distur- 
bance, the P loop often acquires a figure-of-eight shape in 


Atrial Abnormalities 109 


CED 


Figure 9.12 (A and B) P wave morphology in V1 and P loop in a 
case of isolated partial interatrial block (B) associated with left 
atrial enlargement (A) (see text). 


the horizontal plane (HP). In any case, the P wave in lead 
V1 usually has a positive-negative morphology with a 
prominent negative component that exceeds the positive 
component (~) (Figure 9.12A). This is not the case in the 
presence of partial interatrial block without LA enlarge- 
ment (Figure 9.12B). In the latter case, a wide, bimodal P 
wave may appear without an evident negative mode in 
V1 in the absence of echocardiographic evidence of atrial 
enlargement, which occurs in pericarditis, for example. 
Finally, the presence of advanced interatrial block (see 
later) explains the positive-negative morphology of the P 
wave in leads II, II, and VF that is practically always 
accompanied by LAE (see later). 

Abrupt dilatation of the left atrium, which occurs in 
acute pulmonary edema, for example, may cause +/— P 
wave morphology in V1. This disappears when the 
clinical situation improves (Heikila and Luomanmaki 
1970) (Figure 9.13). 


ECG diagnostic criteria: Imaging correlations 

Historically, the majority of ECG criteria was based on 
necropsic or radiological correlations. Today, they are 
based on the standards of echocardiography and, more 
recently, CMR. (Josephson et al. 1977; Bartell et al. 1978; 
Bosch et al. 1981; Miller et al. 1983; Munuswamy et al. 1984; 
Bayés de Luna et al. 1985; Hazen et al. 1991; Tsao et al. 2008). 
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e Criteria based on changes of P wave. The imaging- 
ECG correlations have demonstrated that the best ECG 
criteria for LAE are the following (see Table 9.2): 

e P wave morphology in V1. A negative mode in V1 with 
a duration 240 ms by itself is a sign frequently seen in LAE 
and has a relatively good SE and high SP. However, the 
Morris index (Morris et al. 1964) has a better predictive 
value. This index is obtained from the product of the 
amplitude of the negative P wave component in V1 (in 
mm) and the duration of this component (in ms). A Morris 
index 2—40 mm x ms 40 ms is very specific for LAE (Figure 
9.14). In practice, this means that the terminal portion of 
the P wave in V1 has a depth of at least one small box in 
the recording paper (—1.0mm=0.1 mV) and a duration of 
at least 0.04s. This index is very rarely seen in normal 


40 ms x -0.3 mm = -12 mm x ms 


Figure 9.13 Above: An example 

of pulmonary edema in the acute 
phase of myocardial infarction 

(see X-ray below). Three days and 
12 hours later, when the clinical 
improvement was evident, the ECG 
showed a reduction of the negative 
P mode in V1. This can be properly 
evaluated only when the V1 lead 

is taken at the same site. In the 
hospital environment this can be 
ensured by marking the electrode 
site on the patient’s skin. 


Normal 


Figure 9.14 Diagram contrasting normal and 
abnormal negative components of the P wave in 

V1. When the value calculated using the width in 
seconds and the height in millimeters of the negative 
mode exceeds 40mm x ms, it is considered 
abnormal. 


Abnormal 


populations (SP =90%) because the isolated partial intera- 
trial block frequently found in the elderly (Spodick and 
Ariyarajah 2008) (P wave 2120ms) does not usually pre- 
sent with an important negative mode in V1 (Figure 9.12). 
Its sensitivity varies according to the series, especially in 
relation with the methodology and the importance of the 
diseases, from approximately 40% to 70% (see Table 9.2) 
(Figure 9.14). 

e The criteria of the NYHAC score (duration of P wave 
in II >120ms + AP in FP close to 0°+Morris index 
2—40mm x ms) have a high SP (> 95 %) but the SE is much 
lower (<20%) (Bartell et al. 1978). 

e The combination of P 2120ms in lead II + negative P 
mode duration in V1 240 ms has a SE of 50 % with a good 
SP (> 85%) (Bosch et al. 1981). 


¢ The combination of P 2120 ms in lead II plus a Morris 
index >0.04mm/s has a high SP but a low SE (Lee et al. 
2007). 

¢ The distance between two peaks of P wave >0.04s, with 
the second mode being taller than the first, is very specific 
(=100%) but not sensitive (Munuswamy et al. 1984). 

e A positive-negative morphology of the P wave in 
leads II, III, and VF (+) with a duration of more than 
0.12s, the key criteria for advanced interatrial block with 
retrograde activation of the left atrium (see later), is very 
specific criteria for LAE (100%) in valvular heart disease 
and cardiomyopathies, but has a very low sensitivity 
(rarely found in patients with LAE) (<5%) (Bayés de Luna 
et al. 1985) (Figures 9.16 and 9.19). 

° The AP beyond 30° is a very specific criterion for LAE 
(90 %) (Tsao et al. 2008) although in some congenital heart 
diseases the AP is displaced to the left (P congenitale) (see 
Figure 9.2A). 

e The P wave duration in leads I, II, and/or III is >0.12s, 
and is generally bimodal but of normal height (Figure 
9.3D). In some echocardiographic correlations, this cri- 
teria is very specific (88%), but the sensitivity is 33% 
(Munuswamy et al. 1984). In contrast, Lee et al. (2007) 
used two-dimensional echocardiography measurements 
to show different results (higher SE = 69 %, lower SP=49 %) 
that were similar to those found by Tsao et al. (2008) using 
the CMR correlation (high SE=84% and low SP=35%). 
This is probably associated with the type of population 
used in the different studies. In the series studied by Tsao 
et al. (2008) (CMR), the patients probably present with iso- 
lated interatrial blocks more frequently, which decreases 
the specificity and increases the sensitivity of this criteria. 
The same is found in the series presented by Lee et al. 
(2007) (2D echo). The frequent presence of partial intera- 
trial block without LA enlargement may explain this low 
SP (<50%). However, since isolated partial interatrial 
block does not present with an important negative mode 
of the P wave in V1 (Figure 9.12), when we consider the 
association of P duration >120ms + Morris index, or the 
Morris index alone, as criteria for LAE, we obtain much 
higher specificity (see Table 9.2). 


The duration of the P wave alone is more a criterion for 
interatrial block than for LAE. It may be useful for the diag- 
nosis of LAE, especially when associated with other criteria 
(see Table 9.2, Bosch et al. 1981; Lee et al. 2007). 


Other criteria 

e In presence of atrial fibrillation (AF), the cases of 
coarse f waves (21mm), suggested the existence of LAE, 
especially in rheumatic heart disease patients. However, 
echocardiographic correlation (Morganroth et al. 1979) 
has demonstrated that the coarse “f” wave is not usually 
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accompanied by an enlarged left atrium, suggesting 
interatrial conduction anomalies. Moreover, AF is present 
in the majority of cases (> 80%) when the left atrial dia- 
meter is >60mm. In a cohort of patients consecutively 
referred for clinical or research CMR studies, those with a 
history of AF had a significantly higher prevalence of 
LAE (47%) than patients with sinus rhythm (21%) (Tsao 
et al. 2008). 

e Because of increased P wave duration, the P/PR 
segment ratio >1.8 is frequently seen in cases of LAE 
(Macruz et al. 1958). 


In clinical practice, the most useful criteria for LAE are 
those that have the highest specificity with the most accept- 
able sensitivity (see Table 9.2). Based on this principle, we 
use the following: 

e the Morris index (product of negative amplitude of P 
wave in V1 in mm x duration in ms >—-40mm/ms). 

e P wave duration in leads I, II, and/or II] =0.12s+nega- 
tive mode of P in V1 240 ms. 


False positive and false negative diagnoses of left 
atrial enlargement 

The diagnosis of LAE may often be difficult to achieve 
because of the following factors: 

e The presence of isolated interatrial block explains the 
increase in the duration of the P wave, without the pres- 
ence of evident terminal negative mode of V1 (see Lee 
et al. 2007; Tsao et al. 2008). Thus, in contrast the combina- 
tion of P wave duration in FP + increase of negative mode 
of P wave in V1 (Morris index) is a good criterion (see 
before). 

e Some patients with isolated non-advanced left heart 
disease (e.g. mitral stenosis) without interatrial block 
show peaked P waves with no increase in duration 
(pseudo-P pulmonale) (see before). In these cases, the 
presence of a P wave in V1 with a highly negative mode 
helps in reaching the correct diagnosis (Figure 9.20A) (see 
before). 

e If important atrial fibrosis exists, small and even 
unapparent P waves (concealed sinus rhythm) (Figures 
9.9 and 15.37) may be seen, even in the presence of evident 
left atrial or bi-atrial enlargement. This problem increases 
the number of false negatives (low SE) (Bayés de Luna 
et al. 1998). 

e Many patients with COPD or thoracic abnormalities, 
pectus excavatum, and those with straight-back syndrome 
(Martins de Oliveira and Zimmerman 1958; Bayés de Luna 
2011) present with short but evident negative P waves in 
V1, a morphology that may be confused with LAE. 


Bi-atrial enlargement 
Bi-atrial enlargement (BiAE) is suspected when ECG 
criteria of right and left atrial enlargement coexist. Because 
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Scheme of atrial activation 


Normal atrial 
activation 


Partial interatrial 
block 


Advanced interatrial \ 
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Probable right 
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the enlargement of two atria affect essentially different 
parts of the P wave, the diagnosis of bi-atrial enlargement 
is not as difficult as that of biventricular enlargement. 
The most important diagnostic criteria are as follows: 
e The P wave in lead II is taller (22.5mm) and wider 
(20.12s) than normal. 
e The first part of P wave is positive and peaked in V1- 
V2 (positive mode >1.5mm) with a slow negative node 
(width >1 mm) (~). 
e Signs of left atrial enlargement with right AP. The 
opposite case is not valid because the AP can be on the left 
side in isolated RAE of patients with congenital heart 
diseases. 
e The presence of atrial fibrillation along with QRS 
changes suggestive of RAE. 
Frequently, more than one criterion is found (see Figure 
9.15) (P 2120ms in FP + P+ in V1 with first part peaked 
and a slow negative mode). 
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Figure 9.15 Example of P wave and loop 
morphology in bi-atrial enlargement (BAE). 
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Figure 9.16 Diagram of atrial 
conduction under normal circum- 
stances (A), partial interatrial block 
(B), advanced interatrial block with 
left atrial retrograde activation (AIB 
with LARA) (C) and probable right 
intra-atrial block (D). 


Atrial block 


Concept 

The concept of heart block is explained in Chapter 14. The 
heart block may be located in different areas: at the 
sinoatrial and AV junction (Chapter 17), at the ventricular 
level (Chapter 11), and at the atrial level. This section 
deals with heart block at the atrial level (see Figures 
9.16-9.25). 

ECG patterns found in atrial enlargement, especially 
in LAE, are in many cases influenced by the presence of 
interatrial blocks. Probably because of that, atrial blocks 
are not considered as an individual pattern in the majority 
of books on ECG (Sodi-Pallares 1956; Cooksey et al. 1977; 
Wagner 2001; Gertsch 2004; Surawicz et al. 2008), and the 
term “atrial abnormalities” has even been coined to 
encompass both atrial enlargement and atrial block (Lee 
et al. 2007; Tsao et al. 2008). While it is true that atrial 
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Figure 9.17 Two cases of nearly total (A) and B 
total (B) clockwise rotation of the P loop in 
frontal plane (FP) that show a normal P wave Loop P 
(morphology and duration in the ECG). In A the Us 25 
ensi 16 


loop also rotates clockwise in horizontal plane 
(HP), suggesting that the right atrial block is 
located in the anterior part of the right atrium. 


A B 


20 msec 


20 msec el 


After BB (RA) lesion After BB (LA) lesion 


Figure 9.18 Adapted from experimental Bachmann’s bundle block 
(Waldo et al. 1971). (A) Control P wave recorded in ECG lead II 
when the atria were paced from the right atrium. See the change 
of morphology after Bachmann’s bundle lesion in the right side. 
(B) P wave recorded in lead II after the creation of a lesion in the 
left atrial (LA) portion of Bachmann’s bundle (BB). In both cases 
the changes in conduction time and morphology after block are 
shown. (Adapted with permission from Waldo (1971)). 


blocks are often associated with atrial enlargements 
(sometimes this also happens at the ventricular level), the 
ECG patterns of atrial block are independent entities 
because: (i) they may appear transiently (Figure 9.10), (ii) 
they are often isolated (without associated atrial enlarge- 
ment), and (iii) they may be provoked experimentally 
(Waldo et al. 1971) (Figure 9.18). These are the three char- 
acteristics that determine whether an ECG pattern is due 
to a block. 

Various studies performed by our group (Julia et al. 
1978; Bayés de Luna et al. 1985, 1988) and others, such as 
Spodick (Spodick and Ariyarajah 2008, 2009), Ariyarajah 
et al. (2006a), Holmqvist et al. (2010), Platonov (2008), and 
Perez-Riera (2009), have re-evaluated the concept that 
atrial blocks and atrial enlargement are separate enti- 
ties, although in many cases, as occurs with ventricular 
enlargement and ventricular blocks, they are associated. 
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The interatrial block that occurs between the right and 
left atria—often well detected by surface ECG—will be 
discussed in depth. 

It is very difficult to identify the presence of a block 
within a single atrium (intra-atrial block) using surface 
ECG. We have seen that occasionally apparently normal 
P waves (S0.12s with some small notches) present with 
total or near total clockwise rotation of the P loop in FP, 
and we hypothesize that this is due to the presence of a 
localized block in some part of the right atrium (Figures 
9.16D and 9.17) (Bayés de Luna et al. 1978b). However, the 
exact diagnosis of right intra-atrial block can only be per- 
formed by intracavitary ECG (long high right atrium to 
low right atrium (HRA-LRA) interval). In addition, the 
atrial delay may also be located in the left atrium in some 
cases of very long and notched P waves, especially if large 
slurrings are present in the second part of the P wave. 

Interatrial blocks, like other types of block, (sinoatrial, 
atrioventricular, and ventricular), may be first, second 
(transient block, atrial aberrancy), or third degree (see 
Chapter 14). 

The evolution from first-degree interatrial block to 
third-degree (advanced) interatrial block may be seen, as 
also happens in other types of block (Figure 9.20). 


First-degree (partial) interatrial block 
The electrical impulse is conducted normally from the 
right atrium to the left atrium, through Bachmann’s bun- 
dle, but with a delay (Figures 9.12 and 9.16B). Therefore, 
the ECG shows a P wave of 20.12s in leads I, I, or III. 
This ECG parameter has also been used for diagnosis of 
LAE. In fact, the delay in atrial conduction, rather than 
the increased atrial mass, explains the increase of P wave 
duration. However, as previously explained, the specific- 
ity of this criterion in many series (Lee et al. 2007; Tsao 
et al. 2008) is low because the cohort studied probably 
included many cases of isolated interatrial block. 

The P wave morphology in V1 usually presents with a 
negative mode of the P wave that is less evident than in 
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cases of LAE because the P loop is directed in a less 
backward direction in isolated first-degree interatrial 
block (Figure 9.12B) (Bayés de Luna 1998; Spodick and 
Ariyarajah 2008). 

The intracavitary recording shows that the HRA-coro- 
nary sinus distance is increased. 

Finally, the prevalence of first-degree interatrial block 
in the general population is very high (Spodick and 
Ariyarajah 2008, 2009). Recently, it has been shown to be 
associated with atrial fibrillation (Holmqvist et al. 2010), 
and cardiovascular and all-cause mortality (Magnani et al. 
2011) (see Clinical implications). 


Third-degree (advanced) interatrial block 
Electrical impulse is blocked in the upper and middle 
part of the interatrial septum in the Bachmann’s bundle 
zone and a little lower, and a retrograde left atrial 
activation occurs (Figure 9.16C) (Bayés de Luna et al. 
1985, 1988; Platonov 2008). In rare situations, there can be 
atrial dissociation (see below). Waldo et al. (1971) demon- 
strated that cutting the Bachmann’s bundle in dogs causes 
a similar morphology, with P wave +- in inferior leads 
(Figure 9.18). 

The ECG shows (Figures 9.19-9.22) a P wave of 20.12s 
and + morphology in II, III, and VF due to caudocranial 
activation of the left atrium (Puech 1956; Castillo Fenoy 
and Vernant 1971). Our group defined the ECG-VCG cri- 
teria (Bayés de Luna et al. 1985) and demonstrated that this 
type of block is a very specific marker for LAE (SP =100%). 
The positive mode of P in II, IL, and VF is at times not well 
seen, probably due to fibrosis, and the diagnosis of junc- 
tional rhythm due to an apparently negative P wave in II, 
II, and VF may be made (see Figure 24.3). We also demon- 
strated that it is frequently accompanied by paroxysmal 
atrial arrhythmia, and atypical atrial flutter in particular, 
during follow-up (Figures 9.22 and 15.14) (Bayés de Luna 


Figure 9.19 Above: P wave + morphology 
in I, I, and II typical of advanced 
interatrial block with retrograde conduc- 
tion to the left atrium. Observe how the 
AP and the angle between the direction of 
the activation in the first and second parts 
of the P wave are measured. To the right, 
intra-esophageal ECG (HE) and endocavi- 
tary registrations (HRA: high right atrium; 
LRA: low right atrium) demonstrate 


HP that the electrical stimulus moves first 
p downwards (HRA-LRA) and then 
g Pe upwards (LRA-HE). Below: P loop 
{ morphology in the three planes with 


the inscription of the second part 
moving upwards. 


et al. 1988, 1989, 1999; Ariyarajah et al. 2007; Spodick and 
Ariyarajah 2009) (Figure 9.21), especially in valvular heart 
diseases and cardiomyopathies (see Chapter 15). Therefore, 
this association is considered an electrocardiographic clin- 
ical syndrome (Daubert 1996; Braunwald 1998). 


Second-degree atrial block 

Second-degree interatrial block appears transiently and is 

also known as atrial aberrancy (Chung 1972; Julia et al. 

1978). It manifests as P waves that vary in shape from one 

beat to another. This atrial block may: 

e be induced by atrial or ventricular premature com- 

plexes (Figures 9.23 and 9.24); 

e appear and disappear suddenly and transiently in 

one ECG (Figure 9.25); 

e show a P wave that changes morphology transiently 

in successive ECGs, leading to misdiagnosis (Figure 9.10). 
These changes in P wave morphology are caused by 

variations in the atrial path of the sinus impulse through 

the atria. They should be differentiated from changes 

induced by breathing, atrial fusion beats, and artifacts, 

including diaphragmatic contraction (Figure 9.26) (Bayés 

de Luna 1980). 


The ECG patterns of atrial blocks described in this book are 
true patterns of block that correspond to first-, second-, or 
third-degree atrial blocks, as happens with blocks in other 
part of the heart, because: 

e they may appear progressively and/or transiently 
(Figures 9.10, 9.20, 9.23-9.25); 

e they may be provoked experimentally (Figure 9.18); 

e they may appear in the absence of other atrial abnormali- 
ties, although as happens with ventricular blocks and enlarge- 
ment, they are frequently associated with atrial enlargement. 
There are, however, some ECG characteristics that allow us to 
distinguish between two patterns (Figure 9.12). 
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Figure 9.20 Progressive interatrial 
block: Three ECGs from a patient 
with mitro-aortic valve disease. 
(A) P wave in IL, MI, and VF with 
normal atrial duration (P=105 ms) 
and P wave of pseudo-P-pulmonary 
type. (B) An intermediate 
morphology that corresponds 

to a first-degree interatrial block 
(P=135 ms). (C) Advanced 
interatrial block appearing after 5 
years with P + morphology in II, 
TI, and VF (P=145 ms). 


Atrial dissociation (Chung 1971; Zipes 

and De Joseph 1973; Soler 1974; 

Gomes et al. 1981) 

Atrial dissociation, also known as complete interatrial 
block, is seen very rarely. It exists when atrial depolariza- 
tion is produced by two wave fronts and the part of the 
atrium depolarized by one wave front remains completely 
separate (dissociated) from the part of the atrium 


depolarized by the other wave front. Only one of the two 
wave fronts captures the ventricles. Therefore, the electri- 
cal activation of one part of the atria is independent from 
that of the other part. 

The rhythm may be a combination of two of the 
following rhythms: sinus rhythm, atrial fibrillation, atrial 
flutter, or ectopic atrial tachycardia. The association of 
atrial flutter plus atrial fibrillation has been described as 
fibrillo flutter (see Chapter 15, Figure 15.27). 


116 Abnormal ECG Patterns 


Figure 9.21 Typical ECG of 
advanced interatrial block (P + in II, 
II, and VF and duration >120ms) 
in a patient with ischemic cardio- 
myopathy. When amplified we can 


see the beginning of P in the three 
leads. 


Figure 9.22 (A) Example of 
advanced interatrial block with 
retrograde conduction (P + in II, 
II, and VF). (B) Associated 


In the presence of the combination of sinus rhythm and 
atrial fibrillation in the left atrium, sinus rhythm with 
regular P waves coincides with the presence of “f” waves 
of fibrillation (Figure 9.27). A differential diagnosis (Soler 
1974) should be made with atrial aberrancy, atrial fusion 
beats produced by late atrial extrasystoles, diaphragmatic 
contractions caused by hiccups, patients with severe res- 
piratory insufficiency, artifacts such as in Parkinson’s dis- 
ease (see Figure 15.42), electrical artifacts due to technical 
defects, pacemakers, or atrial parasystole in cases where 
ectopic left atrial rhythm exists. Parasystole results from a 
focus of unidirectional entrance block, which can capture 
both atria, in contrast to what occurs in atrial dissociation. 
Consequently, atrial fusion complexes may occur in 


atypical flutter. 


parasystole but not in atrial dissociation. The diagnosis of 
atrial dissociation usually needs to be confirmed using 
intracavitary studies (Soler 1974). 

Intravascular recording from the inferior vena cava is 
very useful to differentiate between false atrial dissocia- 
tion due to diaphragmatic potential and true atrial disso- 
ciation (Figure 9.28) (Ebagosti et al. 1988). The electrical 
activity mimicking the P waves disappears completely 
during apnea. 

Atrial dissociation is usually seen in very ill patients 
and, according to Chung (1971), often occurs in late stages 
of congestive heart failure. In fact, incidence is a rarity 
and misdiagnosis and confusion with the previously 
mentioned entities often takes place. 
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Figure 9.23 A patient with aberrant atrial conduction ectopically induced by a premature atrial complex. After this premature complex, 
a transitory P wave with a different morphology and a PR interval equal to previous PR intervals is observed. Other explanations to this 


change (atrial escape, artifact, etc.) are unlikely. 


Figure 9.24 Atrial aberrancy 
ectopically induced by a 
ventricular extrasystole (a change 
in P wave morphology from 
peaked to flattened in lead II 

and a change in AP), without an 
apparent change in duration or 
the same phenomenon following 
the next ventricular extrasystole. 


Figure 9.25 Above: Continuous 
lead II. Observe the abrupt and 
repeated change in P wave 
morphology and polarity not 
related to respiration in a patient 
with cardiomyopathy and chronic 
bronchitis. Two types of P wave 
morphology are observed: peaked 
P wave and flat P wave. Below: In 
Aand B, the peaked P wave in the 
VCG is seen (directed downwards 
in the frontal plane and due to 
strong positivity in lead II, lead III, 
and VE, with a figure-of-eight 
rotation in the horizontal plane), 


and in C and D, the other P wave, LOOP P 
directed in the frontal plane at 0° TIMER 26 
(C) with counterclockwise rotation SENSI 


in the horizontal plane (D). 


P wave dispersion 


P wave-dispersion is defined as the difference between 
P wave maximum and P wave minimum duration in 
12-lead ECG. There are studies (Dilaveris et al. 2000; Pan 
et al. 1993) that show the value of increased P wave dis- 
persion as a predictor of later atrial fibrillation, recur- 
rences of atrial fibrillation after cardioversion, and 
prognosis after surgery for mitral stenosis. 
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P wave changes in atrial infarction 


It has been described that the P wave may show changes 
in cases of atrial infarction (see Chapter 20). The changes 
in the P wave appear later than the changes in STa-Ta. The 
following may be found: notches, slurrings, delayed ascent 
of the P wave or even the presence of a -+ morphology 
as an expression of the “Qa” wave (Zimmerman 1968). 
In practice, this appears very rarely, possibly because the 
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Figure 9.26 P waves with 
different morphologies that 
have to be differentiated from 
intermittent atrial block. (A) 
Late premature atrial complexes 
(see arrows). (B) Wandering 
pacemaker between the sinus 
node (four fast complexes) and 
junctional rhythm (negative 

P wave) (last six complexes). 
The 5th and 6th atrial waves are 
fusion beats. (C) Changes in P 
wave polarity and morphology 
in relation to inspiration. (D) 
Isolated change in only one P 
wave, probably due to an artifact. 


Figure 9.27 Intra-auricular dissocia- 
tion: unilateral auricular fibrillation 
with regular ventricular rhythm at 
83 bpm. In all leads we can identify 
typical “f” waves of atrial fibrillation. 
This shows different degrees of 
electrical “organization,” as shown 


VR 
cont. 


P wave (the “Cinderella” of the ECG) is not examined 
carefully enough (Figure 9.30). 


Atrial repolarization disturbances 
(Zimmerman 1968) 

The atrial repolarization (ST—-Ta) normally has a polarity 
opposite to that of the P wave and is recorded between the 
end of P and the end of QRS (PR segment and onset of QT 


in the changes in dimension and 
frequency of the f waves in VR 
(continuous trace). When the f waves 
are of low voltage (leads V2 and V4), 
we can perfectly identify P waves 
preceding every QRS complex with 
anormal PR interval. Thus, sinus 
rhythm coexists with auricular 
fibrillation that never captures the 
ventricles. (Figure supplied by 

Dr J Soler, Barcelona.) 


interval). Under normal circumstances, it is hidden by the 
ORS complex, although may be seen in cases of sympathe- 
tic overdrive (Figure 9.29) or first-degree AV block. 

The abnormalities of atrial repolarization may be: (i) a 
depression of ST/Ta or (ii) an elevation of the ST/Ta. 

Depressed ST/Ta. The ST/Ta depression has a polarity 
opposite to that of the P wave and is seen as a depression 
of the PR segment. Therefore, it may be seen in pericarditis 


Figure 9.28 Simultaneous 

recording of low right atrium VL 
(LRA) and inferior vena cava 

(IVC) in a patient with pulmonary 
insufficiency. The electrical activity 
recorded in the surface ECG has 

the appearance of sinus rhythm 

coexisting with an ectopic atrial 

rhythm. After comparison with VF 
LRA and IVC recordings we can 

see that the presumed ectopic atrial y iy 
P waves (see VF) are caused by 
diaphragmatic contractions. 

(Reproduced with permission 

from Ebagosti (1988)). 


Figure 9.29 (A) typical example of sympathetic overdrive. ECG 

of a 22-year-old male obtained from a Holter continuous recording 
device during a parachute jump. (B) Drawing of the tracing in which 
we see how the PR and ST segments form the arch of a circumference 
whose center is located in the lower third of the R downstroke. 


and atrial infarction as an expression of atrial injury, 
showing a PR segment depression in the majority of leads, 
except for VR, in which a PR segment elevation in a mirror 
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pattern is observed. When atrial infarction is suspected, 
a depression of at least 1mm is required for diagnosis 
(Figure 9.30). PR elevation in VR opposed to negative PR 
in inferior leads is sometimes seen in cases of acute peri- 
carditis as the only change (see II and VR, Figure 9.31) (see 
Chapter 20). 

The depression of the PR segment can be confused with 
advanced interatrial block (P+ in II, II, and VF) and can 
mimic a false elevation of the ST segment. 

Elevated ST/Ta. In this case the P wave and ST/Ta have 
the same polarity. The elevation of ST/Ta recorded as an 
elevation of the PR segment in leads with positive P 
waves is occasionally seen in atrial infarction (see Chapter 
13, Atrial infarction). It is more specific for the diagnosis 
of atrial infarction than ST-Ta depression, but is rarely 
found (Zimmerman 1968). Elevated ST/Ta can also be 
seen exceptionally in other scenarios of atrial injury. 
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Figure 9.30 A 55-year-old patient with extensive acute anteroseptal and diaphragmatic infarction. Observe two of the most characteristic 
signs of atrial propagation of the infarction: (1) frequent supraventricular arrhythmias and (2) depression of the PR segment >1 mm. 
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Figure 9.32 ECGs showing increasing HR for all-cause mortality 
in a multivariable analysis incorporating gender, age, race, heart 
rate, BMI, smoking habits, ratio of total to high-density lipopro- 
tein cholesterol, hypertension, and diabetes. The figure shows 
the corresponding progressive increase of P wave duration 

by standard deviation with the respective associated HR 

for all-cause mortality (Adapted with permission from 

Magnani 2011). 


Clinical implications 


In spite of the fact that the P wave has been considered the 
“Cinderella” of the ECG, from a clinical point of view it 
is very useful to have a good understanding of the 
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Figure 9.31 A case of recurrent 
pericarditis. Note the PR 
elevation in VR and a “mirror” 


Actual image in lead II. 


morphological changes of the P wave, especially if certain 
small changes of the ECG that are due to abnormalities of 
atrial repolarization are taken into consideration. 

Echocardiographic correlation studies have been very 
important in finding ECG criteria with high specificity 
and acceptable sensitivity for the diagnosis of right and 
left atrial enlargement (Tables 9.1 and 9.2). 

Electrocardiographic evidence of right atrial enlarge- 
ment based on QRS criteria is usually seen in cases of 
significant right atrial enlargement. Thus, its presence is 
a marker for advanced heart disease. 

On the other hand, right atrial enlargement is generally 
accompanied by right ventricular enlargement (except in 
the case of tricuspid stenosis). 

Patients with aortic valve disease or other types of heart 
disease with left atrial enlargement have a lesser tendency 
to present with paroxysmal arrhythmias compared with 
patients with mitral valve disease. Thus, if a patient with 
aortic valve disease presents with atrial fibrillation, con- 
current evident mitral valve disease must be suspected. 

Atrial fibrillation is common in the natural history of 
patients with valvular heart disease, particularly in past 
cases of mitral stenosis with signs of left atrial enlarge- 
ment. The presence of + P wave morphology in leads II, 
IIL, and VF as an expression of advanced interatrial block 
with retrograde left atrial conduction is usually associated 


with LAE and often presents with paroxysmal atrial 
arrhythmias, the most common being atrial flutter (Bayés 
de Luna et al. 1988). Even in the presence of partial 
interatrial block, especially with signs of right and left 
atrial enlargement, atrial fibrillation occurs more fre- 
quently in the follow-up (Holmqvist et al. 2010). 

The presence of abnormal P wave indices (P wave 
duration, PR interval, P wave morphology and ampli- 
tude, terminal forces of P wave in V1, P wave dispersion) 
have been associated with ischemic heart disease, hyper- 
tension, heart failure, diabetes, obesity, stroke, the devel- 
opment of atrial fibrillation, and other adverse cardiac 
diseases associated with increased mortality. However, 
in the NHANES cohort (Magnani et al. 2011), only P wave 
duration, not other P wave indices such as PR interval, P 
wave morphology, and amplitude, was significantly 
associated with increased cardiovascular and all causes 
of mortality in a multivariate analysis with and without 
adjustment for cardiovascular disease. Figure 9.32 
shows the clinical implications of these findings. A P 
wave duration of 154ms conveys a three-fold all-cause 
mortality risk. 

Transient P wave morphologies, such as P+ in V1 
caused by acute dilation of left atrium, may occur during 
the course of acute pulmonary edema. 

On the other hand, atrial dissociation is extremely rare. 
It would only be suspected after excluding all the causes 
mentioned before. 

Changes in atrial repolarization are sometimes a key 
marker for atrial infarction or pericarditis (Figure 9.30 
and 9.31). 
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Chapter 10 


Ventricular Enlargement 


Concept: preliminary 
considerations 


The electrocardiographic concept of chamber enlargement 
includes wall hypertrophy, chamber dilation, and a 
combination of the two. Anatomically, the term “ventricu- 
lar hypertrophy” refers to an increment in myocardial 
mass and fiber size, while “dilation” is an increase in the 
volume of the internal cavity. 

The electrogenesis of the morphologies that appear with 
ventricular enlargement are conditioned more by wall 
hypertrophy than cavity dilation, the opposite of what 
occurs in atrial enlargement. On the other hand, for years 
it has been affirmed (Sodi-Pallares 1956) that ventricular 
block homolateral to the cavity involved influences the 
morphology. In any case, it is clear that the modifications 
undergone in the P, ORS, and T loops account for the mor- 
phological alterations found in the 12 ECG leads. 

Mild or even moderate degrees of ventricular enlarge- 
ment may not affect ECG results. When heart disease 
involving the ventricles is not very important, such as that 
of the right ventricle with mild pulmonary stenosis, or that 
of the left ventricle with mild aortic stenosis, it can progress 
for some time without ECG signs of ventricular enlarge- 
ment, despite the fact that the chamber enlargement has 
already produced a hemodynamic overload. On the other 
hand, with the passing of time, often the same severity of 
the disease responsible for the enlargement will more or less 
alter the ECG, signaling the stage of the disease (see below). 

Echocardiography is a sensitive, innocuous, and 
reproducible method for determining left ventricular dila- 
tion and left ventricular mass. Its reliability is comparable 
to that of anatomic and angiological studies (Reichek and 
Deveraux 1981), and it provides more exact information 
than isotopic studies (Subirana et al. 1981). The dimensions 
of the right ventricle can be even better measured using 
two-dimensional echocardiography (Bommer et al. 1980). 

Cardiovascular magnetic resonance imaging (CMR) 
is a reproducible standard of reference technique for the 


assessment of ventricular mass and volumes (Sheridan 
1998). The correlation between CMR left ventricular 
mass measurements and post mortem left ventricular 
weights in humans has a correlation coefficient with a 
range of 0.95-0.99 (Keller et al. 1988; Allison et al. 1993). 
CMR results correlate closely with those of 
echocardiography with possibly even greater accuracy in 
the measurement of ventricular mass (Reiter et al. 1986). 
Diagnostic and prognostic utility of the ECG for left 
ventricular enlargement (LVE) defined using CMR imag- 
ing in relation to ethnicity has been studied (Jain et al. 
2010). It has been demonstrated that the ECG also has a 
low sensitivity but high specificity with some race- 
related differences, also if the echocardiography is the 
standard reference technique. However, we are not aware 
that any systematic comparison of the two techniques 
(echocardiography and CMR) exists in order to better 
determine the accuracy of ECG criteria for ventricular 
enlargement. 


Critical review of the 
electrocardiographic concepts 
of systolic and diastolic overload 


The ventricles are subject to two types of hemodynamic 
overload: systolic and diastolic. They suffer systolic 
overload when ventricular emptying is impaired. In the 
left ventricle, this occurs with aortic stenosis, aortic coarc- 
tation, and arterial hypertension, as well as in some cases 
of ischemic heart disease. In the right ventricle, systolic 
overload occurs with pulmonary stenosis and pulmonary 
hypertension. The ventricles suffer diastolic overload 
when there is excessive diastolic filling, the same 
phenomenon that occurs in the left ventricle with aortic 
regurgitation and in the right ventricle with atrial septal 
defect (ASD). 

Cabrera and Monroy (1952) coined the electrocar- 
diographic terms “systolic overload” and “diastolic 
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overload” based on this hemodynamic concept. They 
report that there are ECG morphologies characteristic of 
these two types of ventricular overload. According to this 
study, systolic overload is manifested in the right ventricle 
by a high-voltage R morphology in V1 with a negative 
asymmetric T wave, while in the left ventricle it is 
manifested by a high-voltage R wave in V5-V6, again 
with a negative asymmetric T wave. Diastolic overload in 
the right ventricle, in contrast, is manifested by the rSR’ 
pattern in V1 with a negative asymmetric T wave and by 
a high-voltage qR morphology with a positive, tall, 
symmetric, and peaked T wave in the left ventricle. Our 
opinion is that while Cabrera’s terminology is applicable 
in some cases, its indiscriminate use is not correct. It may 
be considered that, regardless of the underlying heart dis- 
ease, the ECG morphology of Cabrera’s diastolic over- 
load usually corresponds to mild or moderate stages of 
right or left ventricular enlargement, while the systolic 
overload morphology usually reflects advanced stages 
of ventricular enlargement (“strain pattern”) (Bayés de 
Luna 1998). 


New concepts 


Probably correlation exists between the changes in 
myocardial fibers that produce myocardial “strain”, 
detected with imaging techniques, with the electrophy- 
siological changes that exist when LVH develops the 
ECG pattern of “LVH with strain” (electrical remodel- 
ling). Anew conceptual model has recently been devel- 
oped in which the structural, bioelectrical, and 
biochemical changes are interconnected and may 
explain ECG changes and have prognostic implications 
(Bacharova 2010, 211). 


Right ventricular enlargement: 
hypertrophy and dilation 


A Concept and associated diseases 
Right ventricular enlargement (RVE) is manifested in 
patients with systolic overload (pulmonary stenosis, 
pulmonary hypertension usually due to mitral valve dis- 
ease) by wall hypertrophy (right ventricular hypertro- 
phy), which in advanced cases is associated with some 
degree of dilation (right ventricular dilation). Dilation 
appears earlier in heart diseases with hemodynamic 
diastolic overload, such as ASD. However, in some pro- 
cesses (pulmonary embolism or acute decompensation 
in a patient with chronic obstructive pulmonary disease 
(COPD)), acute right ventricular dilation can appear 
without evident wall hypertrophy, which occurs rarely in 
the left ventricle. 

RVE is observed mainly in infants and children with 
diverse types of congenital heart disease (pulmonary 


stenosis, ASD, pulmonary hypertension, Ebstein’s 
disease, etc.) and in adults with valvular heart disease 
(historically, mitral stenosis with right heart repercussion 
in particular) or some type of cor pulmonale. 


B Mechanisms of ECG changes 

The existence of any type of RVE counteracts more or 
less the normally dominant left ventricular forces, direct- 
ing the dominant forces (QRS loop and vector) to the 
right and forward or backward (Figure 10.1). Associated 
right ventricular conduction delay influences the pres- 
entation of RVE morphology. Consequently, it is not nec- 
essary that the right ventricular mass exceed the left in 
order for the ECG morphology of RVE to appear. The 
resultant depolarization vector is directed to the right 
because of the following association: increase in mass 
plus conduction delay. In global and significant RVE, the 
direction of repolarization is usually altered due to the 
fact that the right ventricular subendocardium begins to 
repolarize when subepicardial wall depolarization has 
not yet concluded, and due to the presence of some 
degree of right ventricular block. As a result, the T loop 
and corresponding T vector often follow the opposite 
direction to the QRS loop, which is analogous to what 
occurs in advanced left ventricular hypertrophy (LVH). 

It should be remembered that it is difficult, if not impos- 
sible, to make an ECG diagnosis of mild RVE because the 
powerful left vector forces overwhelm mild, and even 
moderate, degrees of RVE. Therefore, the specificity and 
especially the sensitivity of the ECG criteria for the diag- 
nosis of mild and moderate RVE are lower than those for 
diagnosing LVE. 

The QRS loop in RVE has different morphologies, but 
mainly it is directed to the right and forward or back- 
ward (Figure 10.2) (see later). Projection of these loops on 
the frontal and horizontal planes (on the positive and 
negative hemifields of the different leads) illustrates the 
ECG modifications seen in RVE (Figures 10.2 and10.3). 


Changes of ORS-T in cases of progressive 

anterior and right ORS loop displacement 

(Figures 10.2 and 10.3) 

This type of loop is seen in global RVE in particular, in 
cases of left valvular heart disease with pulmonary hyper- 
tension and in congenital heart diseases with evident 
RVE. With time, RVE increases in intensity and the ORS 
loop becomes progressively more anterior, with its final 
portion directed more to the right. In the first phase, it 
conserves the counterclockwise rotation in the horizontal 
plane (Figure 10.21). Later, when the whole loop becomes 
anterior and more to the right, it rotates in a figure-of- 
eight or clockwise pattern (Figure 10.2II-V). 


Type I QRS loop (Figures 10.2 and 10.3A) 
This loop shows a clockwise rotation in the frontal plane 
and a counterclockwise rotation in the horizontal plane, 
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Figure 10.1 Right ventricular enlargement (RVE) counteracts the usually dominant forces of the left ventricle (A), shifting the dominant 


forces to the right (B), sometimes forward and other times backward (B). 


Figure 10.2 Parting from a normal loop 
in the horizontal plane, right ventricular 
enlargement always produces a 
rightward shift in direction, sometimes 
forward and other times backward. If 
the loop moves forward, it produces 
different QRS morphologies in V1 as it 
becomes progressively more anterior, 
with R gradually becoming taller and T 
more negative (from I to V). Often the 
loop begins rotating counterclockwise 
and ends up rotating clockwise, 
producing an rSr’ morphology in V1 
identical to that seen in partial right 
ventricular block. If the RVE directs the 
loop to the right and backward, a 
normal morphology (rS) or QS or rSr’ 
can be seen in V1, always with a marked 
S in V6 (VI and VII). 


Anterior loop 


~ 


Normal 


Posterior loop 
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Figure 10.3 Diagram of the QRS loops in the 
frontal plane (FP) and horizontal plane (HP) 


FP | 


` in patients with right ventricular enlargement 
(RVE). B corresponds to the type of moderate 
{ RVE seen in mitral stenosis, while A 
VF corresponds to severe RVE as seen in severe 
pulmonary stenosis. C and D corresponds to 
the RVE frequently seen in cor pulmonale, 
with right AQRS (C) or SI, SII, SIN (D). The SI, 
} SII, SHI morphology is also encountered in 
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with the mean vector and all the loop located more 
anteriorly. This loop is frequently observed in mitral ste- 
nosis with mild pulmonary hypertension, although it 
can be seen in almost all heart disease with mild global 
RVE. 

The ECG changes (Figures 10.2-10.4) seen are as 
follows: 
e Frontal plane: ÂQRS somewhat to the right, often 
with Rs or RS pattern in lead I, and sometimes with a 
small “q” (qR) in VF and with Qr or rSr’ in VR. This is the 
result of the frequent clockwise rotation of the loop in the 
frontal plane, with some last portion lying in the negative 
hemifield of lead I (Figure 10.3A). 
¢ Horizontal plane: (i) V1: As a consequence of the more 
anterior position of the loop, there is an increase of “r” in 
V1, with R/S near 1, often with prominent R but with R < 
S; (ii) V5-V6: An Rs or RS pattern sometimes with a 
small “q” morphology is frequently seen in V5-V6. The 
T wave is frequently flat or mildly negative in V1 (and 
occasionally in V2-V3). 


Type II, ITI, IV, or V QRS loop (Figure 10.2) 
The QRS loop has a figure-of-eight rotation in the 
horizontal plane in type II, a predominantly clockwise 
rotation in types III and IV, and an exclusively clockwise 
rotation in type V. In the frontal plane, a progressively 
larger part of the final portion of the loop is observed in 
the negative hemifield of lead I (Figure 10.3B). The type 
IV and V loops of Figure 10.2 are seen in severe global 
RVE (severe pulmonary stenosis or severe pulmonary 
hypertension). The loop rotates clockwise and a large part 
of the loop is directed to the right (Figures 10.2 and 10.3B). 
In the types II and III of Figure 10.2, a lesser part of the 
loop is directed to the right and the frontal plane loop 
morphology falls between types A and B of Figure 10.3. 
The ECG changes in the frontal plane are as follows 
(Figures 10.2, 10.3-10.5): 


Ve some cases of zonal right ventricular block, 

> and in normal individuals. In cor pulmonale, 

| the SI, SH, SI morphology is probably due to 
late depolarization of the anterosuperior 

subpulmonary zone of the right ventricle, 

which is caused by RVE. 


e S wave in lead I: the greater the S wave is, the larger 
the loop portion directed to the right (larger in types IV 
and V compared to types II and III). 

e Dominant R wave in III and VF and terminal R in VR. 
e AORS right-deviated, with the exception of the AQRS 
being left-deviated in an ostium primum-type ASD (see 
Figure 10.6). 

The ECG changes in the horizontal plane are as 

follows: 
e V1 and V2: Different morphologies with a dominant 
R wave and a mostly negative and asymmetric T wave, 
according to the degree of RVE, are seen in Figures 10.2 
and 10.4-10.9. These include the range from a rsR’ pattern 
to a unique R wave with an asymmetric and negative T 
wave (diastolic and systolic patterns of Cabrera) (see 
before). In all types (IL, IL, IV, and V, Figure 10.2), the T 
wave is usually negative in V1 and its negativity in other 
precordial leads reflects the increment in the degree of 
hypertrophy. The ST segment is commonly depressed. 
However, in some children with moderate and not long- 
standing RVE, the T wave in V1 can be positive (Figures 
10.4C-10 and 10.10). 

The rsR’ morphology in V1 with a negative, asymmet- 
ric T is most often seen in ASD, which evolves more with 
right ventricular dilation than with hypertrophy (Figures 
10.211 and 10.7). However, it can also be seen in other 
heart diseases with mild RVE, such as mild pulmonary 
stenosis (Figure 10.4C-9). 

The solitary R morphology in V1 and usually V2 with 
negative, asymmetric T recorded in V1-V3 and even V4 is 
seen in cases of important RVE and closed interventricu- 
lar septum as isolated severe pulmonary stenosis, or 
idiopathic pulmonary hypertension, (the “barrier-type” 
of the Mexican School) (Figure 10.7). In Fallot’s tetralogy 
(pulmonary stenosis with overriding aorta and ventricular 
septal defect), the morphology changes from solitary R 
with negative T in V1 to RS with positive T in V2, because 
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Figure 10.4 Right ventricular enlargement (RVE) is fundamentally E ÂP +80° 
seen in three types of processes: (A) valvular diseases with right AQRS S1 S783 
repercussion, especially mitral stenosis; (B) lung diseases with Vg Morph. Rs 


right repercussion (cor pulmonale); and (C) certain congenital 

heart diseases. In A we can see different V1 morphologies, as well C 

as AP, AQRS, and V6 morphologies, in different cases of mitral 

stenosis with associated RVE: (1 and 2) Mitral stenosis with mild 

pulmonary hypertension. (3) Mitral stenosis with moderate 

pulmonary hypertension and functional tricuspid regurgitation. 

(4) Mitral stenosis with severe pulmonary hypertension. The same 
characteristics can be seen in B in different types of cor pulmo- 

nale. Cases 5 and 6 correspond to chronic cor pulmonale AP 
secondary to chronic obstructive pulmonary disease (COPD) ÂQRS 
in elderly patients. Cases 7 and 8 are two cases of subacute cor Vs Morph. 
pulmonale in young patients with severe pulmonary hyperten- 

sion. (C) Several cases of congenital heart diseases: (9) A 9-year- 

old girl with mild pulmonary stenosis. (10) A case of mild 

pulmonary stenosis in a young boy. (11) Moderate pulmonary 

stenosis in a 10-year-old girl. (12) Severe pulmonary stenosis in 

a 16-year-old female. (13) Ostium secundum-type atrial septal 

defect (ASD) with mild pulmonary hypertension in an 8-year-old 

girl. (14) Ostium secundum-type ASD with important pulmonary 

hypertension in a 29-year-old woman. (15) A 10-year-old girl with 

typical Fallot’s tetralogy. (16) A 15-year-old boy with a typical 

Eisenmenger syndrome. Observe how in the three situations ` 
(A, B, and C ), morphologies are seen in V1 from rS or rSr' to R N AP 
alone (with high voltage), according to the severity of the AQRS 
disease and the degree of evolution. Ve Morph. 
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Figure 10.5 Two cases of severe right ventricular enlargement (RVE), one with great dilation of right ventricle and the other with great 
right ventricular hypertrophy. (A) Atrial septal defect with marked right ventricular dilation (arrow). (B) Typical ECG of RVE ina 
12-year-old patient with severe pulmonary stenosis and important hypertrophy of the free right ventricular wall (arrow). 
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Figure 10.6 Typical morphology of ostium primum-type atrial 
septal defect (ASD). Observe the rSr’ morphology in V1 with the 
AQRS in the frontal plane extremely deviated to the left and the 
ECG-VCG correlation. 


the last part of the loop is located backwards (compare 
Figures 10.8 and 10.9) (the “adaptation type” morphol- 
ogy of the Mexican School) (Sodi-Pallares 1956). In addi- 
tion, an RS morphology with a positive T wave in V1 can 
be seen in moderate, not long-standing cases of Fallot’s 
tetralogy (Figure 10.10). 

¢ Left precordial leads: Usually RS or even rS morphol- 
ogy are recorded. 


Other electrocardiographic features of the anterior 
QRS loop 

Other ECG features include: 

e increase in intrinsicoid deflection time in V1 (>0.03s); 
e the ORS lasting less than 0.12s, unless there is associ- 
ated advanced right bundle branch block (RBBB). 
However, the RVE morphology is partly due to a degree 
of associated right peripheral block, as previously 
discussed. 


A similar pattern in V1 may be seen in the evolutive 
process of RVE in different diseases (Figure 10.4) 
Throughout the evolution of right-sided heart diseases, 
the ORS loop often suffers modifications, gradually pass- 
ing from the type I loop to the type V loop, seen in Figure 
10.2, over the years. The reverse can happen after correc- 
tive surgery in these cases (see later) (Figure 10.11). 

The different ECG patterns of Figure 10.4 may be seen in 
congenital heart disease (Figure 10.4C), mitral stenosis 
(Figure 10.4A) or cor pulmonale (Figure 10.4B). The pat- 
terns with solitary R in V1 are more frequently seen in con- 
genital heart disease with concentric RVE as pulmonary 
stenosis or severe pulmonary hypertension (Eisenmenger 
syndrome, Figures 10.4C-12 and 10.4C-16) than in mitral 
stenosis or ASD because these latter heart diseases usually 
present with milder RVE. However, if associated severe 
pulmonary hypertension is present, the same morpholo- 
gies with solitary or predominant R can also be seen in V1 
in patients with mitral stenosis (Figure 10.4A-4). Even 
young patients with subacute cor pulmonale and severe 
pulmonary hypertension may present occasionally this 
ECG pattern (Figure 10.4B-8). However, old patients with 
severe COPD usually present with the type VI or VII QRS 
loops (Figure 10.2) (QS or rSr° in V1 with rS or RS in V6), 
but with a rightward-directed AQRS in the FP or an SI SII 
SII pattern (types C and D Figure 10.3) during the course 
of the disease. 


Changes of ORS-T in cases of progressive 
posterior and right ORS loop (Figures 10.2, 10.3, 
10.12, and 10.13) 

These types of loops (VI and VII, Figures 10.2, 10.3, 10.12, 
and 10.13), presenting significant posterior and right final 
forces, are especially seen in COPD and, more rarely, in 
some cases of mitral stenosis. In these cases, the RVE is 
located in basal posterior zones in particular, and the 
heart presents with a verticalized and descended position 
because of the low diaphragmatic situation frequently 
found in COPD. All these factors explain the predominance 
of the posterior forces in COPD (Figure 10.2VI-VI]). 

In typical cases, the QRS loop has a clockwise rotation 
with an open loop in the frontal plane (Figures 10.3C and 
10.10), but often a folded frontal loop with a maximum 
axis situated at +30° to -150°, similar to the loops seen in 
patients with anterosuperior segmental right ventricular 
block and certain normal individuals (SI, SII, SHI mor- 
phology), is observed (Figures 10.3D and 10.13). 

The ECG changes are as follows: 
¢ Frontal plane: Two different morphologies, according 
to loop type: (i) SI, SII, SIII-type ECG, with SII = SHI 
(Figure 10.2 types VI-VII and Figure 10.3D); (ii) lead I 
with an S wave (Rs or rS), unique R in III and VF, termi- 
nal R in VR and right AQRS (Figures 10.3C and 10.12). 
¢ Horizontal plane: (i) V1-V2: An rS morphology, 
sometimes with slurred S or rSr’, or even QS, with rS in 


Figure 10.7 Typical morphology of 
ostium secundum-type atrial septal 
defect (ASD). Observe the rSr’ morphol- 
ogy in V1, the right-deviated AORS, and 


the ECG-VCG correlation. SENSI 4 


V2 occasionally of a much higher voltage than S in V1. 
The T wave is generally negative in V1 and sometimes 
negative in V2-V3. The P wave may also be negative, 
although of low voltage, in V1. (ii) In V5-Vé6: R 2 S with 
marked S or even R < S (rS pattern) (Figure 10.12). 


C Diagnostic ECG criteria: Anatomic 

and imaging correlations (Tables 10.1 

and 10.2) 
Because of the difficulties in finding diagnostic criteria for 
RVE that are both specific and sensitive, many have been 
described (Walker et al. 1955; Reeves 1970; Scott 1973). Their 
utility largely depends on the population studied and the 
technique used to detect RVE. We must remember that: (i) 
the higher sensitivity of one criterion, the lower the specific- 
ity and (ii) criteria based on left precordial lead alterations 
are more sensitive but less specific, and those based on 
V1-V2 modifications are more specific but less sensitive. 

Sensitivity increases when a population with a higher 

incidence of congenital heart disease or advanced right ven- 
tricular involvement is studied. Likewise, the use of autopsy 
material for ECG correlations can distort the results because 
only patients with an advanced stage of the disease are stud- 
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ied. Therefore, an improved evaluation of the ECG criteria 
for RVE can be carried out when non-invasive imaging tech- 
niques such as echocardiography and cardiovascular CMR 
are used to compare diagnostic results. Echocardiography 
has been useful in detecting right ventricular mass and vol- 
ume (Bommer et al. 1980), showing a good correlation with 
autopsy (Prakash 1981). In the past, isotopic techniques 
have also been used (Subirana et al. 1981) (Figure 10.5), but 
echocardiography and CMR give better results because they 
are more reproducible and accurate. From a practical point 
of view, the use of CMR is currently impossible for large- 
scale use (see also LVE: Diagnostic ECG criteria). 

We can assume that the diagnosis of RVE using the QRS 
criteria of right atrial enlargement (see Table 9.1; Figure 
9.5) is usually certain because these criteria are usually a 
consequence of RVE. 

In Table 10.1 ECG criteria with a specificity better than 
85-90% and a corresponding low sensitivity are listed 
(Walker et al. 1955; Scott 1973; Prakash 1981). To enhance 
sensitivity, Horan and Flowers (1980) conceived a score 
point system (Table 10.2) based on combinations of differ- 
ent criteria for RVE. This score is not useful in the presence 
of ventricular block or lateral infarction. 
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Figure 10.8 An 8-year-old patient with important pulmonary 
valve stenosis with a gradient over 100 mmHg. The patient 
presents with a typical RVE morphology with a barrier-type 
systolic overload (R in V1-V2 with negative T wave). The ÂP in 
the ECG seems deviated leftwards. In fact the patient presents 
with wandering pacemaker between sinus and junctional rhythm 
(see strip of lead III). Note the ECG-VCG correlation. 


In daily practice, we must try to use very specific cri- 
teria (about 90% or more) (Table 10.1), despite the lower 
sensitivity, which will reduce the number of false positive 
diagnoses. 

In contrast, when making epidemiological studies or 
in cases of computerized or semi-computerized ECG inter- 
pretations (Minnesota Code) (see Chapter 25), it is necessary 
to use more sensitive criteria for preliminary screening. 

To summarize, what can be affirmed is that in the 
presence of heart diseases with right involvement, 
and in the absence of RBBB, lateral infarction or 
Wolff—Parkinson—White (WPW) pattern, the ECG criteria 
shown in Table 10.1 are very specific for RVE. 


Diagnosis of right ventricular enlargement 
in clinical practice (Figures 10.6-10.12) 


The following are the most commonly used criteria: 
e AQRS > 110° (R < S in lead I) 
e V1=R/S>1 and/or Sin V1 <2mm and/or R>7mm 
and/or qR 
e V6=R/S<1 and/or S V5-V6 >7mm. 


Sensitivity will increase if there is more than one criterion 
(see score, Table 10.2), and in the presence of P wave 
abnormalities suggestive of right atrial enlargement (see 
Chapter 9). 


Value of other electrocardiological techniques 
Macfarlane et al. (1981) postulated that hybrid criteria 
derived from a 12-lead ECG plus three orthogonal leads 
would produce a sensitivity ranging from 55% to 65%. 
However, this scoring system has not been popularized. 
Pipberger et al. (1982) used a new classification system for 
epidemiological studies that increased sensitivity at the 
expense of specificity. It may be useful to carry out the 
preliminary screening. 


D Special characteristics of some types 

of right ventricular enlargement 
Acute right ventricular dilation 
We will now examine the ECG changes found when 
abrupt right ventricular overload accompanied by pul- 
monary hypertension induce right ventricular dilation. 
This includes cases of decompensated cor pulmonale and 
pulmonary embolism. 


Decompensated cor pulmonale 

Patients with cor pulmonale often present with acute 
hypoxemic episodes accompanied by pulmonary hyper- 
tension that are generally reversible but accompanied by 
alterations in the right ventricular structure or function. 
In these cases, right ventricular dilation can appear with- 
out ventricular wall hypertrophy, at least in the initial 
stages. Dilation of the right ventricle may therefore be the 
initial, and sometimes the only, sign of cor pulmonale 
(Kilcoyne et al. 1970). 

There are certain ECG changes that lead us to suspect 
that the degree of pulmonary hypertension varies 
abruptly as a consequence of decompensation in patients 
with cor pulmonale. These include: 

e AQRS changes, oriented more than 30° to the right of 
its usual position, with RS or rS persisting until V6. 

e Presentation of a flattened or negative T wave in the 
right precordial leads (Figure 10.14). A negative T wave 
in the right precordial leads can also be seen in ischemic 
heart disease (see Chapter 13), in which case it is usually 
not so transient and is sometimes accompanied by a QS 
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Figure 10.9 A 3-year-old patient with 
typical tetralogy of Fallot. The ECG 
corresponds to the Mexican School-named 
“RVE with adaptation-type systolic 
overload” (R in V1 with negative T and rS 


in V2 with positive T). Note the ECG-VCG 
correlation. 
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Figure 10.10 A 7-year-old patient with moderate Fallot’s SENSI 2 í >) ( es NV in 
tetralogy and RS with positive T wave morphology in V1. gz ` = 


Note the ECG-VCG correlation. $ D 
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morphology that may also be found in right ventricular 
dilation (usually only in V1). The marked differences in 
clinical setting help to establish the diagnosis. 

e Deviations of the ST segment in frontal and/or 
horizontal plane leads. 
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Figure 10.11 (A) ECG of an 8-year-old 
patient with severe pulmonary stenosis (Rs 
in V1 with negative T wave). After surgery 
(B), the morphology regressed considerably 
(rSR’ in V1). 


Figure 10.12 A 65-year-old patient with 
important chronic obstructive pulmonary 
disease (COPD) and no left heart disease. 
There is a typical P pulmonale as well as 
other signs of right ventricular enlarge- 
ment (RVE), with the QRS loop posterior 
and to the right (P negative in V1, absence 
of the first vector in the HP, rS in V6, AORS 
2110°, etc.). 
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| aes Figure 10.13 SI, SII, SIII morpho 


ogy in a normal case (A) and in 
chronic obstructive pulmonary 
disease with right ventricular 
enlargement (RVE) (B). The ECG 
morphologies often do not differ. 
In some cases the P and T wave 
can help distinguish them. 


e Appearance of RBBB morphology. A depressed or 
even elevated ST with a new RBBB pattern may be found 
in patients with important pulmonary hypertension. With 
adequate treatment, clinical outlook and ECG alterations 
may improve. 


Table 10.1 ECG criteria for right ventricular enlargement 


Criterion Sensitivity (%) Specificity (%) 
V, R/S V, 21 6 98 
RV, 2 7mm 2 99 
qR in V, 5 99 
S in V, < 2mm 6 98 
DT in V, 2 0.35sec 8 98 
VaVe - RISV,-V, 21 16 93 
RV,-V, < 5mm 13 87 
SV,-V, > 7mm 26 90 
Vi +V RV, +SV,-V,>10.5mm_ 18 94 
AQRS = ÂORS > 110° 12-19 96 
S SS 24 87 


Table 10.2 Electrocardiographic criteria for right ventricular 
enlargement in adults without conduction detects known not to 
have infraction. 


Sign Points 


1. Ratio reversal (R/S V,: R/S V, <0.4) 

2. qR in V; 

3. R/S ratio in V, >1 

4. S in V, <2 mm 

5. R in V, + S in V, or V, >10.5 mm 

6. Right axis deviation >110° 

7. S in V, or V, 27 mm and each 22 mm 

8. R/S in V, or V, <1 

9. R in V, 27mm 

10. S, S; and Sı each >21 mm 

11. S, and O,, each 21mm 

12. R’ in V, earlier than 0.08and 22 mm 

13. R peak in V, or V, between 0.04 and 0.07 
14. S in V, or V, 22mm but <7 mm 

15. Reduction in V lead R/S ratio between V, and V, 
16. R in V, or V, <6mm 


->~ NNNU UUAA ARAROA 


Interpretation of point score: 

10 points: Right ventricular enlargement 

7-9 points: Probable right ventricular enlargement or hemodynamic 
overload 

5-6 points: Possible right ventricular enlargement or hemodynamic 
overload. 

These criteria do not take into account serial electrocardiographic 

comparisons. Such additional data may the interpreter’s impression of 

the likehood of fixed enlargement or dynamic overload. 

(Adapted with permission from Horan and flowers (1980)). 


Pulmonary embolism 

The most common ECG signs found in pulmonary embo- 
lism may be similar to those commonly found in acute 
decompensated cor pulmonale, including the following: 

e ST segment deviations and negative T wave in right 
precordial leads (Figure 10.15). 

e AQRS deviation to the right with a McGinn—-White 
pattern (SI QUI with negative TII morphology) that often 
coincides with negative T waves in V1-V3, (Figure 10.15). 
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This pattern is very characteristic of pulmonary embo- 
lism (high specificity) but does not appear frequently 
(low sensitivity). When it does appear, it usually corre- 
sponds to a major embolism. A differential diagnosis 
must be made, especially for inferior myocardial infarc- 
tion (see Chapter 13). 

e New appearance of RBBB. This usually represents 
massive embolism, often with evident ST deviation 
(Figure 10.16). 

e The presence of sinus tachycardia, which is very 
frequent. However, it is not sometimes found in elderly peo- 
ple with some type of sick sinus syndrome (see Chapter 17). 
e A normal ECG. We have to remember that this occurs 
relatively often, especially in mild/moderate pulmonary 
embolism (Chapter 21). 


Right ventricular enlargement in children 

In the neonatal period, it is difficult to diagnose RVE 
because there is already a physiological RVE. Nonetheless, 
any of the following criteria suggest the existence of abnor- 
mal RVE in the newborn (Burch and DePasquale 1967; Moss 
and Adams 1968; Rowe and Mehrizi 1968; Fretz et al. 1992): 
° qRin V1, 

e solitary R in V1 over 20mm, 

e Sin V6 greater than 11mm after the 2nd day of life, 
positive T in V1 after the 4th day, as long as T is also posi- 
tive in the left precordials, and 

° P wave taller than 4mm. 

Later on and until adulthood, some of these signs 
undergo modifications. RVE is then suggested by: 

e R/S ratio over 1 in V1 at 2 or 3 years of age, with intrin- 
sicoid deflection time (IDT) 20.03s (except for post-term 
infants) or 

e an rSr’ morphology in V1 that may be a normal vari- 
ant, which is more indicative of RVE when: (i) R’ has a 
high voltage, (ii) the morphology does not vary with res- 
piration (see Chapter 7, Figure 7.40), (iii) it is accompa- 
nied by a marked S in V6, and (iv) AQRS is right-deviated 
beyond +120°. 


Indirect signs of right ventricular enlargement 

We consider the following to be indirect signs of RVE: 

e clear signs of right atrial enlargement in the absence 
of tricuspid atresia; 

e signs of left atrial enlargement in the presence of 
mitral stenosis; or 

e atrial fibrillation accompanying mitral stenosis. 


Regression of ECG signs 

Regression of RVE signs is frequently seen post surgery 
in patients with congenital heart diseases such as ASD 
or pulmonary stenosis (Figure 10.11). After correction 
of Fallot’s tetralogy, postoperative ECG often shows 
advanced RBBB (see Chapter 11) (Figure 11.12), masking 
the regressive changes of the RVE. 
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E Differential diagnosis (Table 10.3) 
Differential diagnosis of right ventricular 
enlargement with dominant R or rSr° 

morphology in V1 

A differential diagnosis should be made with all cases 


that present with prominent R in V1, as a result of an ante- 
rior and mainly right-oriented loop (Table 10.3). 


Figure 10.14 A 60-year-old patient 
with chronic cor pulmonale. Because 
of respiratory infection, the patient 
presented with an ECG morphology of 
acute right ventricular overload 
(above) that ceased in a few days 
(below). 


Figure 10.15 (A) A 59-year-old patient 
with pulmonary embolism and 
typical McGinn—White morphology: 
SI, QII, negative THI. (B) The ECG 
after the patient recovered. 


Figure 10.16 (A) Preoperative ECG 
of a 58-year-old female with no 
heart disease. (B) During the 
postoperative period, the patient 
presented with a massive pulmo- 
nary embolism with an ECG that 
showed a sharply right-deviated 
ÂQRS, advanced RBBB, and sinus 
tachycardia. The patient died a few 
minutes later. 


e Normal variant. Prominent R (RS) or rSr’ in V1 is seen 
with some frequency in 2.5% of normal adults, particu- 
larly in those with extreme counterclockwise rotation (RS) 
or thoracic abnormalities (rSr’), such as pectus excavatum 
or straight back syndrome. A low-voltage RS morphology 
in V1 may be seen in post-term newborns, even into 
adulthood (see Chapter 7). 


Table 10.3 Presence of prominent R or r’ in V1: Differential diagnosis. 


Clinical setting 


R or R”(r^) morphology in V1 
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QRS width P wave morphology in V1 


1. No heart disease 


— Electrode misplacement 


— Hypermature 

— Normal variant: Fewer Purkinje fibers in 
anteroseptal zone or extreme counter 
clockwise rotation 


—Thorax abnormalities (pectus 
excavatum) (see Fig. 7.16) 


N 


3. Atypical RBBB 
— Ebstein disease 


— Arrhythmogenic RVD/C 
Low voltage in V1 or = wave 


— Brugada syndrome (see Table 21.9) 


4. Right or biventricular enlargement 
(athletes) or even LVH (Hypertrophic or 
others CM) 


5. Wolff-Parkinson-White syndrome 


6. Lateral MI 


rs in V, RS in V3 
7. Block of midle fibers (especially if the 
pattern is transient (see chapter 11)? 


e Sometimes prominent R especially in V2, can result 
from positional changes (extreme counterclockwise rota- 
tion, massive pleural effusion, etc.). In these cases, the T 
wave is usually positive in V1 if there is no coexistent 
heart disease. 

e Right bundle branch block. Regardless of whether 
the RBBB is partial or advanced, a dominant R mor- 
phology can be seen in V1, V2. The rsR’ morphology 
with QRS <0.12s, corresponding to classic, isolated 
partial RBBB, may be identical to the morphology 
observed in RVE. This morphology typically appears in 
ASD, but it can also be seen in mitral stenosis and early- 
stage congenital heart diseases with systolic overload, 
such as pulmonary stenosis. This rsR’ morphology 
usually represents a less important degree of RVE than 


~~ <0.12s 
4th RIS 


. Classical RBBB sf 
\ i = 1 ae >0.12s 


Pio >0.12s short PR 


P- in 2° IS P+ or In 4° IS 


<0.12s ormal 


<0.12s Negative 


From <0.12s to Normal 


Usually 20.12 s Usually peaked and/or + 


May be 0.12s Usually pathologic 


Sometimes 20.12 s ormal 


<0.12s Usually tall and peaked. 
Sometimes + 


From <0.12s to ormal P wave with 


<0.12s Usually normal 


Prominent R in V, or more frequently V, <0.12s Usuallly normal 


the presence of solitary R morphology (Figure 10.2). 
Therefore, the same patient can show first one mor- 
phology and then the other in the course of the disease 
(see Figure 10.4). 

e Atypical RBBB. These include the ECG pattern seen in 
some congenital (Ebstein’s disease) and inherited heart 
diseases (arrhythmogenic right ventricular dysplasia, 
some Brugada pattern). 

e Cases of LV or biventricular enlargement including 
athletes. Also in some cases of hypertrophic cardiomyo- 
pathy, or other types of cardiomyopathy with isolated 
LVE involving the septum, a tall R wave in V1 (>7mm), 
usually with a deep S in the same lead, may be seen. An 
increase in the first vector due to septal hypertrophy is 
probably responsible, although there is not always a 
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deep Q wave in V5-V6 because the enlarged first vector 
is directed more forward than to the right. 

¢ Type II and III WPW pre-excitation. There is no prob- 
lem if initial slurrings are visible (6 wave) and the PR 
interval is short. When there is an important degree of 
pre-excitation, an exclusive R morphology in V1 may be 
seen (see Figure 12.2). 

e Lateral infarction (see Figures 13.71 and 13.75). The 
ORS pattern in V1 may present with prominent R (rR, RS) 
with a usually positive T wave (Bayés de Luna et al. 2006). 
The QRS is consistently less than 0.12s. The differential 
diagnosis between RVE and lateral infarction can be 
difficult with conventional electrocardiography alone. 
Lateral myocardial infarction is supported by the presence 
of positive and an especially tall and symmetric T wave in 
V1-V2 and often abnormal Q waves in II, II, and VF of 
associated inferior myocardial infarction. RVE is favored 
by a negative T wave in V1-V2, a right AORS, and atrial 
signs of right atrial enlargement. 

e Block of middle fibers. In the absence of lateral 
infarction or RVE, the presence of transient prominent R 
in V1-V2 may be explained by a block of left bundle 
middle fibers (see Chapter 11, Anteroseptal middle fiber 
block. Myth or reality? Figures 11.44-11.47). 


Differential diagnosis of right ventricular 
enlargement with rS or Qs morphology in V1 

The presence of a QRS complex without final anterior 
forces and consequently with rS morphology in V1 or 
even QS (see Figure 10.2VI), or, at most, rSr° with a low- 
voltage r’ (Figure 10.2VII), sometimes with a much deeper 
S wave in V2, can cause confusion between this type of 
RVE and left ventricular or biventricular hypertrophy, 
septal infarction or zonal right ventricular block, a fre- 
quently associated pathology. We will discuss the most 
important ECG characteristics in these cases. 

In this type of RVE, the S waves are prominent until 
V6, there is dominant R in V3 R-V4R and in VR there is a 
terminal R because often the final vector is oriented back- 
ward, but also upward and to the right (see Figure 10.3C 
and D). Sometimes there is a shallow S in V1 with greater 
voltage of S in V2, with an RS pattern until V6. In biven- 
tricular hypertrophy a deep S in V2 with small S in V1 
(shallow S inV1) may also exist, but in left precordials 
there is a R or Rs pattern. 

In LVH, the forces are directed backward and to the 
left, originating a tall R wave in V5-V6 and usually a deep 
S in right precordials, V3R and V4R. Moreover, in the 
frontal plane, AQRS is deviated to the left and in VR the 
terminal r is minimal or not found. 

Biventricular enlargement diagnosis is possible when 
there is a much larger S wave in V2 than in V1, with R or 
Rs morphology in V6, and SI, SI, SIII morphology, or 
right AQRS in the frontal plane. 

In chronic septal infarction a negative post-ischemic 
T wave is seen from V1 to V2, V3, frequently with QS or 


qrS in the same leads, and with an R/S ratio in V6 >1 and 
a generally normal P wave. 

The C loop of Figure 10.3 (“SI, RIL, RIII”-type) (Figure 
10.12) should be distinguished from inferoposterior 
hemiblock (IPH) of the left bundle branch (see Chapter 
11). In IPH, the q of III and VF is more marked, the R/S 
ratio in V6 > I and the atriogram is not suggestive of right 
atrial enlargement. 

The D loop of Figure 10.3 (“SI, SII, SIII”-type) (Figure 
10.13) is explained by the existence of zonal right ven- 
tricular block and/or RVE (see Chapter 11). In patients 
with COPD, this type of loop is usually due to associated 
RVE with a certain degree of zonal conduction delay in the 
right ventricle (Bayés de Luna et al. 1987). However, the 
presence of the SI, SII, SIII pattern in normal individuals is 
likely to be caused more by a variation in the distribution 
of the right ventricular Purkinje fibers with some physio- 
logical delay of conduction than by a true right peripheral 
block (see Figure 11.19). In addition, the differential diag- 
nosis between the SI, SII, SIII pattern and hemiblock of the 
superoanterior division of the left bundle branch must be 
made. The morphology is that of SI, SII, SHI in RVE and/ 
or peripheral right ventricular block, with SII > SII and a 
low-voltage R in I (Figure 10.3D), while in left super- 
oanterior hemiblock, there is an exclusive R wave in lead 
I with high voltage and SII < SIII (Figure 10.35 lower panel). 


Differential diagnosis of right ventricular 
enlargement in the presence of ST/T changes 

These changes may be seen as the most evident findings 
in cases of RVE, especially in acute dilation of the right 
ventricle. The clinical setting may be very useful to rule 
out other etiologies, especially ischemic heart disease. 


F Diagnosis of RVE in the presence 

of ventricular blocks 
Advanced RBBB 
In the presence of advanced RBBB (QRS 20.12s) (Figure 
11.13A), RVE is suggested when the following are found: 
e rsR’ morphology is extended beyond V2. This is seen 
especially in right ventricular dilation (ASD, etc.). 
e High-voltage R’. The taller the R’, the greater the likeli- 
hood of associated RVE. However, there are instances of 
RBBB with tall R’ without RVE, and vice versa. 
e Solitary R in V1. This results from the anterior orienta- 
tion of the whole loop. Sometimes there is a solitary R of 
low voltage in emphysematous subjects (Figure 11.13A). 
It is frequently associated with the absence of “q” in V6. 
eS’ morphology in I and “qR’ in III. In this case, the 
possibility of inferoposterior division hemiblock added to 
the advanced RBBB must be ruled out. 
e P wave criteria of right atrial enlargement. 


Advanced LBBB 
In the presence of advanced LBBB (QRS 20.128), RVE is 
suggested (Figure 11.13B) when the following are found: 


e AQRS is to the right, with an RS morphology in lead I 
that may not be explained by other causes (see Figure 11.27). 
e There is evident “r” in V1 in the absence of myocardial 
infarction. 

e In precordial leads, the transition to an Rs pattern goes 
beyond V4. 


G Clinical implications 

The ECG diagnosis of RVE is difficult, but when 
achieved it generally indicates that significant enlarge- 
ment is present. The prognosis of important global RVE 
(tall R in V1) with narrow QRS is worse than isolated 
advanced RBBB (tall R in V1 with wide QRS). 

The differential diagnosis in patients presenting with 
a prominent R wave or rSr’ in V1 has been discussed 
previously (see Table 10.3). 

The sensitivity of ECG criteria for RVE is relatively 
low. Therefore, a normal ECG may be found in many 
cases of mild /moderate RVE or even acute right ventricu- 
lar dilation (pulmonary embolism). However, its specific- 
ity is very high (see Tables 10.1 and 10.2). 


Left ventricular enlargement: 
hypertrophy and dilation 


A Concept and associated diseases 
Electrocardiographic signs are fundamentally caused by 
hypertrophy of the ventricular wall (LVH) and are frequently 
associated with partial left bundle branch block (LBBB). It is 
sometimes possible to infer the diagnosis of ventricular 
dilation accompanying the hypertrophy (see later). 

In heart diseases with diastolic volume overload (e.g. 
aortic regurgitation), dilation of the cavity is associated 
with hypertrophy (eccentric hypertrophy) earlier than in 
heart diseases with systolic pressure overload, such as 
aortic stenosis and hypertension (concentric hypertrophy) 
(Ganau et al. 1992) (Figure 10.17). 

The acquired heart diseases that most frequently 
produce LVE are valvular diseases, especially aortic valve 
disease, systemic hypertension, and cardiomyopathies, 


Normal LV 
Figure 10.17 Patterns of left ventricular 
geometry in hypertensive patients. LVMI: 
left ventricular mass index; RWT: relative 
wall thickness. (Reproduced from Ganau LVMI = 85 
RWT = 0.36 


et al. 1992.) 
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including coronary cardiomyopathy. The congenital heart 
diseases that most often produce isolated LVE are aortic 
stenosis, aortic coarctation, and fibroelastosis. Depending 
on the severity and evolutive stage of the heart disease, 
different ECG morphologies may appear (see later). 


B Mechanism of ECG changes 
The increment in left ventricular mass enhances the 
already dominant vectorial depolarization forces of the 
left ventricle, which shift backward and often somewhat 
more upward, in cases of predominance of enlargement of 
the left ventricular free wall (Figure 10.18B). If important 
enlargement of the septum predominates, the vectorial 
forces are directed to about 0° in the horizontal plane or 
even somewhat forward (Figure 10.18C). In advanced left 
ventricular hypertrophy (LVH) (the term LVH is more 
frequently used than left ventricular enlargement—LVE), 
ventricular repolarization direction changes because the 
subendocardium begins to repolarize when subepicardial 
depolarization is still incomplete. Associated left ventric- 
ular block also plays a role in this process (Piccolo et al. 
1979; Bayés de Luna and Serra Genis 1983). This explains 
why the T loop and vector are directed opposite to the 
QRS in advanced LVH. It also accounts for the abnormal 
ST vector opposed to ORS at the conclusion of ventricular 
depolarization (J point). These circumstances determine 
that in advanced LVH, the QRS and T loops are abnor- 
mal and assume opposing directions (Figure 10.19B-E). 
Different types of ORS and T loops are seen in LVE. In 
Figure 10.19 five of the most common configurations are 
shown. The type A loop corresponds to mild or moderate 
LVH, while B- and C-type loops correspond to more severe 
cases. Type D corresponds to the LVH sometimes observed 
in hypertrophic cardiomyopathy and type E to LVH with 
a predominance of apical septal hypertrophy over free 
wall hypertrophy. This figure summarizes the morpho- 
logical features of these loops. Loop projection on the fron- 
tal and horizontal planes (on the positive and negative 
hemifields of the different leads) accounts for the ECG 
alterations found in LVH, which will be described later. 


Concentric LVH Eccentric LVH 


LVMI = 144* 
RWT = 0.52* 


LVMI = 136* 
RWT = 0.38 
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Figure 10.18 (A) Under normal conditions, the dominant forces of ventricular depolarization are directed downward, backward, and to the 
left. In cases of predominantly enlarged free left ventricular wall (B), the forces are generally directed more to the back and frequently 
upward, and in cases of predominantly enlarged septum (C), the forces can be directed to 0° or even somewhat forward. 


A B c D E 
mild or moderate left ventricular 
enlargement (A) and severe 
enlargement (B and C). The D 
loop (or similar) is seen in some 
| L cases of hypertrophic cardiomyo- 
cases of apical hypertrophic 
V; V; V; V, V; cardiomyopathy. Note in the five 
cases the typical morphology that 
i. appears in VF, I, V1, and V6 
according to the loop—hemifield 


FP | I l ] | Figure 10.19 Diagram of the QRS 
Sá and T loops in the frontal plane 
|. VF L ve © AVF Le |v (FP) and horizontal plane (HP) in 
pathy, and the E loop is seen in 
correlation. 


Figure 10.20 Typical ECG of a 
22-year-old male with important, 
although not very long-standing, 
aortic regurgitation. It corresponds 
to moderate left ventricular 
hypertrophy but satisfies the 


diagnostic criteria for LVE 
(Romhilt—-Estes score). In effect, 
Rin V5-V6 >30mm (3 points); 
intrinsicoid deflection time (IDT) = 
0.07s (1 point); duration of QRS = 
0.10s (1 point). Total:5 points. Left 
ventricular dilation is suggested 
by IDT >0.07s and the R wave 
height in V6 greater than that 

in V5. 


However, it is important to remember that mild, or even normal and more upward. When we discuss the diagnos- 
some moderate degrees of LVH may not change the ECG. tic criteria of LVH, we will comment on the voltage limits 

of ORS for this diagnosis. In any case, the LVH explains 
Changes in the ORS complex (Figures the taller R wave in the left precordial leads and in leads I 
10.19-10.25) and VL, and the deep S wave in the right precordials leads 
e The maximum loop vector increased in voltage is V1, V2, or V3. In V4 there is a deep S wave, a transitional 


directed to the left, generally farther to the back than morphology or a tall R wave. 


Figure 10.21 ECG of a 47-year-old 
male, typical of severe, long- 
standing aortic stenosis. The left 
ventricular hypertrophy pattern 
is typical. R in V4-V5 >30mm 

(3 points); ST-T opposite to R in 
V4-V6 (3 points); IDT = 0.055s 

(1 point). Total: 7 points (Romhilt— 
Estes score) 
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Figure 10.22 ECG and VCG in a LOOPA | sp. | A g a 18 y 
patient with severe aortic valve TIMER 25 E me SA = S et wel: | H ‘ A n J H ya | 1 
disease. There is no q wave in V5-V6. oni Ag E ` A a a ¥ Ẹ / 
Myocardial biopsy showed more than SENSI 2 Was? =z Ses 


10% of septal fibrosis. 


When septal hypertrophy (especially in the apical 
zone) predominates over that of the left ventricular free 
wall (asymmetric septal hypertrophic cardiomyopathy), 
or when there is biventricular enlargement, the maxi- 
mum loop vector can be fairly anterior (at about 0°), and 
the ORS may even show an RS pattern in lead V2 or even 


V1 (Figures 10.19E and 10.25). This morphology can be 
confused with isolated levorotation, or all causes of high 
Rin V1 and/or V2 in the absence of RVE (see Table 10.3). 
e A delay in recording the maximum loop vector, 
accounting for increased IDT (time till the take-off of 
QRS) in the left precordial leads and usually in VL. The 
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IDT is not of value in classical bipolar leads (I, II, III). The 
IDT is considered to be increased when it exceeds 0.045 s. 
Occasionally, slightly higher values are seen in athletes or 
vagal overdrive, for example. In LVE with the loop onset 
to the left and forward (left ventricular strain pattern), 
IDT measurement is useless because the right initial forces 
are reduced. Classically, it was thought that cases with 
severe but not long-standing aortic regurgitation that fre- 
quently present with a normal onset of ventricular activa- 
tion to the right (q in I and V6) have a larger IDT (Figure 
10.20) than those with aortic stenosis of similar severity 
and characteristics (Figure 10.21). This is explained 
because loops with the initial forces to the left are seen 
less frequently in patients with not long-standing aortic 
regurgitation (Figure 10.19A) (see below). 

e Slightly longer QRS loop. The duration of the QRS 
complex, which is normally around 0.10s, is extended to 
0.11s. The presence of QRS 20.12s is explained by associ- 
ated advanced LBBB. 

e Direction of the initial forces. The initial forces, espe- 
cially in patients with long-standing aortic valve disease 


— -4 
Py Figure 10.23 ECG and VCG ina 
/ patient with severe aortic valve 
A disease. There is q wave in V5-V6 
>1mm. Myocardial biopsy showed 
©, SENSI 16 


less than 10% of septal fibrosis. 


and severe and long-standing LVE, are frequently directed 
forward and to the left because of associated partial LBBB 
(Piccolo et al. 1979) and/or septal fibrosis (Bayés de Luna 
and Serra Genis 1983). The latter has been demonstrated in 
patients with aortic valve disease with septal biopsy per- 
formed during open heart surgery. The results of septal 
biopsy show that the q wave in V5-V6 is related more to 
the degree of septal fibrosis than to the type of hemody- 
namic overload (systolic or diastolic) (Cabrera and Monroy 
1952). The greater the septal fibrosis, the smaller the q 
wave. Every case with a “q” wave <1mm or absent pre- 
sented with more than 10% septal fibrosis, and vice versa 
(Figures 10.22 and 10.23). Since aortic stenosis presents 
with more septal fibrosis than aortic regurgitation, a con- 
spicuous q wave is more often seen in the latter. However, 
in the long follow-up of cases of aortic regurgitation, the 
“q” wave in V5-V6 is not usually recorded or is seen to 
have decreased markedly (Figure 10.20). The initial forces 
to the right (“q” wave) frequently seen in cases of ventricu- 
lar enlargement of severe but not long-standing aortic 
regurgitation are frequently more marked than normal 


Figure 10.24 Typical but infrequent ECG of 
obstructive hypertrophic cardiomyopathy in 

a 25-year-old patient. There are no voltage 
criteria for left ventricular enlargement, but the 
deep, clean Q wave in V5-V6 and QS in the 
middle precordials, together with the “q” wave 
of the frontal plane (FP) and the absence of 
repolarization alterations in the leads with 
abnormal Q wave, suggested the diagnosis, 
which was confirmed by echocardiography. 


and are followed by a high-voltage R wave. This is due to 
septal hypertrophy in the absence of septal fibrosis and/or 
a delay in impulse conduction in the peripheral portions of 
the left intraventricular conduction system that is greater 
than by the proximal portion. The septal forces are more 
evident because the left ventricular wall vector takes 
longer to form. 

Very conspicuous “q” waves are observed in 10-35% 
of cases of hypertrophic cardiomyopathy (HCM), with 
the “q” wave sometimes more prominent than the “R” 
wave, with QS or QR patterns appearing (Figures 10.19D 
and 10.24). However, the presence of a prominent Q 
wave attributed to septal hypertrophy is a poor predic- 
tor of septal thickness (Moro et al. 1995). It is essential to 
rule out the “Q” wave of necrosis. The Q waves of HCM 
are thinner and, although they may be deep, they are 
usually followed by positive T waves (Figure 10.24) (see 
Chapter 13). 
¢ ORS loop in the frontal plane (Figure 10.19). Because 
the heart frequently assumes a horizontal position in 
LVH, the QRS loop usually rotates counterclockwise in 
the frontal plane, deviating a little more to the left than 
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normal. This may explain an rS morphology in II] and VF 
and the slightly left AQRS deviation that may be seen, 
especially in long-standing aortic stenosis (Figure 10.21). 
However, if the loop rotates clockwise, as is often the case 
in congenital aortic stenosis with vertical heart, a domi- 
nant R may appear in the QRS complex in II, IM, and VF 
(Figure 10.19B). 

e The terminal portion of the loop remains on the left 
(Figure 10.19). Due to the final predominance of left ven- 
tricular depolarization over right (opposite to normal), 
the terminal portion of the loop remains in the positive 
hemifield of I, V6, and at times V5. As a result, no S waves 
are found in these leads. 


Changes in ST and T (Figures 10.19, 10.25, 10.26, 
and 10.27B) 

Two factors contribute to the appearance of repolariza- 
tion alterations: the severity of the lesion and the duration 
of its evolution (Figures 10.19, 10.25, 10.26, and 10.27B). 
In valvular disease, as well as in hypertension or 
cardiomyopathies, the ST-T changes are determined 
especially by the duration of evolution. 
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e In heart diseases with more or less important LVH 
but not long-standing, there is usually no clear ST seg- 
ment depression and the T loop conserves its normal 
orientation (it is sometimes more anterior), although it is 
generally more symmetric. The T wave is still positive, 
but it is more symmetric and has a straight ST segment, 
even in moderate or severe but not long-standing LVH. 
Its morphology differs somewhat according to the type 
of hemodynamic overload and is typically taller in dias- 
tolic overload (aortic regurgitation). The latter case usu- 
ally shows a more evident q wave (Figure 10.26B,C). 
This relatively unaltered ECG does not mean that the 
valvular heart disease is mild, but that it is not very 
long-standing if it is severe (Figures 10.20 and 10.26B,C). 
These morphologies are sometimes similar to those seen 
in healthy lean adolescents and adults. However, in the 
latter the junction of ST and the T wave is smooth, and 
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Figure 10.25 ECG and VCG of an asympt 
matic patient who had been diagnosed 
with coronary artery disease because of 
deep negative T waves. The ECG shows a 
morphology characteristic of hypertrophic 
cardiomyopathy, with mainly apical 
involvement (tall R without “q” in V5-V6 
and very deep negative T waves in 
different leads). The VCG shows the typical 
T loop morphology (“arrow point”) 
directed to the back and right. 

(A: global loop, B: T loop, C: initial vectors). 


the T wave is asymmetrical with a slow upward slope 
(Figure 10.27A). 

e As LVH increases, in part conditioned by the elapsed 
years of evolution but also because of the severity of 
the heart disease (especially the severity of aortic steno- 
sis that increases with time), whether or not the LVH is 
secondary to systolic or diastolic hemodynamic over- 
load, the T wave evolves from the positive morphology 
to the typical pattern of ST segment depression convex 
with respect to the baseline, with a final negative T wave 
with asymmetric branches (Figure 10.26A-C). This so- 
called “strain pattern” occurs because the repolarization 
of the free wall starts in the subendocardium. The ST vec- 
tor and T loop are therefore opposite to QRS and the ini- 
tial part of the T loop is recorded more slowly (Figures 
10.19A,B and 10.26A-C). The presence or not of a small 


“a 


q” wave is more related to the degree of septal fibrosis 
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Typical evolutive morphologies in case 
of severe aortic stenosis 


Typical evolutive morphologies in case 
of severe aortic stenosis 


Typical evolutive morphologies in case 
of severe aortic regurgitation 


Figure 10.26 Four typical examples of morphology 
evolution. A and B are two cases of important aortic 
stenoses, the second lacking the q wave from the first D 
ECG, and the first case with a progressive reduction in q 
depth coinciding with the repolarization “strain 
pattern.” C shows advanced aortic regurgitation with a 
progressive decrease in the q wave with the appearance 
of “strain pattern,” while in D we see a patient with 
ischemic and hypertensive heart disease. As the ECG 
evolves, we can observe the changes in the ECG 
patterns (see text). 


Evolutive morphologies in case 
of severe coronary hypertensive patient 


Figure 10.27 (A) ECG if a healthy, lean, adolescent 
and (B) if a patient with hypertension. Observe 
the mild differences in the ST segment/T wave. In 
A there is from the beginning an upsloping of the 
ST segment (V4-V6, I, and II). In contrast in B 
there is a rectified ST with symmetric T wave (V5, 
V6, 1, II, VF). 
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Ao. Reg. Ao. Sten 


Ao. Sten + Ao. Reg 


Four cases with atypical morphologies 


Figure 10.28 Four examples of atypical morphology of ST/T according to the concept of systolic and diastolic overload. The second is an 
aortic stenosis that looks like aortic regurgitation (there is “q”), while the first is an aortic regurgitation that mimics stenosis (exclusive R 
wave without “q”). The last two cases corresponds to double aortic valve disease (stenosis + regurgitation), one without q and the other 
with very conspicuous q. The first case with evident septal fibrosis and the second with mild septal fibrosis (see text). These last two cases 
show very altered repolarization because a primary repolarization disorder appeared during the course of the secondary disorder, due to 


ventricular enlargement. 


and/or partial LBBB than to the type of hemodynamic 
overload (Figures 10.22, 10.23, and 10.26A-C). The par- 
tial LBBB may also help to explain the appearance of 
repolarization abnormalities (Bisteni 1977). 

e The T wave and ST segment changes secondary to 
depolarization abnormalities, in this case LVH (second- 
ary changes), are also associated to primary changes 
(prolonged AP duration) that may be related to ischemia 
or the effects of digitalis or other drugs, originating a 
mixed morphology with a more homogeneously recorded 
T wave and/or a more important ST depression, espe- 
cially in long-standing cases. The T wave is thus deeper 
and/or more symmetric and the deviation of ST from the 
baseline is more conspicuous and less convex (Figure 
10.28). The contribution of both primary (QT prolonga- 
tion—AP prolongation) and secondary (reduced conduc- 
tion velocity) changes to the ECG pattern of LVH has been 
recently studied using an analytical computer model 
(Bacharova et al. 2010). 

e It has been suggested (De Piccoli et al. 1987) in an ECG- 
echocardiographic study that patients with systolic over- 
load of the left ventricle and negative ST-T have normal 
ventricular geometry, while patients with diastolic over- 
load of the left ventricle and negative ST-T have an abnor- 
mal geometry of the left ventricle. 

e The presence of a very deep negative and symmetric T 
wave in leads with an exclusively tall R wave is very 
suggestive of an apical type of HCM. In this case, the 
abnormal repolarization may appear early on in the evo- 
lution of the disease. 


C Diagnostic ECG criteria: Anatomic and 
imaging correlations (Tables 10.4 and 10.5) 

In the last 60 years, many ECG criteria for LVE have been 
proposed (Sheridan 1998; Van der Wall et al. 1999). In the 
beginning, most were based on radiological and necrop- 
sic studies, followed by echocardiographic correlations. 
It has been demonstrated (Reichek and Deveraux 1981) 
that left ventricular mass measured by echocardiography 


Sensitivity, % 


quartile 


Figure 10.29 Three-dimensional bar graph showing sensitivity 
of the ECG criteria (Cornell voltage, Romhilt—Estes score, left 
ventricular strain) according to quartiles of severity of LVH 
(left ventricular mass assessed by echocardiography) 
(Reproduced with permission from Schillaci et al. 1994). 


correlates with anatomic post-mortem weight, showing a 
high sensitivity (93%) and specificity (95%). 

Using echocardiographic validations, the ECG crite- 
ria may obtain, at least in some subsets of patients, a sen- 
sitivity of about 50% while maintaining a 90% specificity. 
M-mode echocardiography is very useful in assessing 
left ventricular mass in patients with normal cardiac 
shape, as is the case in most hypertensive patients. Using 
two-dimensional echocardiography left ventricular mass 
can be accurately assessed, even in patients with dis- 
torted left ventricular geometry due to myocardial infarc- 
tion or RVE. 

CMR is the ideal imaging technique for the assess- 
ment of left ventricular mass and volume, with good 
reproducibility and probably even greater measuring 
accuracy than echocardiography. In ventricles of normal 
shape, including those found in athletes, both echocardi- 
ography and CMR are the “gold standard” technique for 
accurately assessing cardiac dimensions, mass, and 
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Table 10.4 ECG criteria for left ventricular hypertrophy according ECG and echocardiography (*) and Cardiovascular 
magnetic resonance imaging (**) correlations: Sensitivity, specificity and cardiovascular risk of death (see text) 


Criteria 


Sensitivity (%) 


CV risk of death (Adjusted 
hazard ratio and 95% Cl) 
According to Hsieh 2005. 


Specificity (%) 


(A) Voltage and duration of ORS 


1) Sokolow Lyon (1949) 217267" 

2) Cornell voltage (Devereux-Casale 1984) 16* 15.1** 

3) Framingham adjusted Cornell voltage 17(men)* 
(Norman-Levy 1993) 22(women)* 

15174 

4) Cornell duration product (Okin 1995) 50* 14.8** 
(Mulloy 1992) 

5) 12 leads sum (Siegel 1982) 6 

6) 12 leads sum voltage and QRS 75 
Duration (Siegel 1982) 

7) Talbot 1979 (see text) Low 

(B) Scores systems 

1) Romhilt-Estes > 4 (1968) 18* 15.9** 

2) Romhilt-Estes > 5 (1968) 15457 

3) Framingham (Levy 1990) (e hT * 

4) Perugia (Schillaci 1994) 34* 24.7** 

5) Glasgow R.I. (Morrison 2007) 23.9* 

(C) Regresion models 

1) Rautaharju LV mass index equation 38.8* 
(1988) 

2) Wolf logistic regression (1991) 53.7 (men)* 


3) Casale-Deveraux logistic regression 
(1987) 


63.4 (women)* 
62 (necropsis) 


volume with a correlation close to 100%. However, CMR 
is more precise, accurate, and reproducible, especially in 
patients with distorted left ventricular (IHD patients with 
myocardial infarction scars). The echocardiography is 
cheaper and has better time resolution, but it is more 
expertise-dependent than CMR. Currently, the definitive 
correlation of the two techniques to certify the ECG crite- 
ria for the diagnosis of LVE is lacking. For all that, CMR is 
unrealistic for large-scale use in clinical practice. 

The ECG has a high specificity (SP ~90%) comparable 
to echocardiography (few false positives), but the sensi- 
tivity (SE) of the ECG is much lower (more false nega- 
tives), especially in early stages of LVH. The SE increases 
very much according to the severity of LVH in the popu- 
lation studied (Schillaci et al. 1994) (Figure 10.29). 
However, it is important to remember that the ECG is a 
superior predictor to echocardiography for cardiovascu- 
lar complications. 

There are various ECG methods to detect LVH, which 
may be categorized as follows: (i) voltage criteria, includ- 


89* 92.6** 1.9 (1.6-2.2) 
97* 97.3** 3.1 (2.5-3.8) 
98* 1.4 (1.2-1.6) 
97.2** 

96* 97.3** 2 (1.5-2.6) 
91.7 2.6 (2.1-3.2) 
96.7 2.7 (2.3-3.1) 
High — 

99* 97** 2.9 (2.5-3.4) 
100* 99.1** 3.7 (3.0-4.4) 
98.8* 99.2** 3.4 (2.4-4.9) 
93* 93.2** 2.9 (2.5-3.3) 
95* — 

70* 2.6 (2-3) 
94.9 (men) * 3.7 (2.7-5) 
92.9 (women) * 

92 (necropsis) 3.3 (2.8-3.9) 


ing the product of ORS voltage and duration; (ii) point 
score systems, and (iii) the regression equation models 
(Hsieh et al. 2005) (Table 10.4). 


ECG criteria based on QRS voltage 
The ECG diagnosis of LVH is based mainly on the increase 
of the QRS voltage generated by the increase of left 
ventricular mass. The voltage criteria correlates better 
with ventricular wall thickness than with left ventricular 
mass, and the sensitivity of the ECG criteria declines with 
cavity dilation. As with many diagnostic techniques, 
specificity of these criteria is better than sensitivity. 
Table 10.4 shows many of the voltage criteria with its 
sensitivity, specificity and accuracy. We will now 
comment on the most used criteria. 

The best-known QRS voltage criteria and voltage x 
duration products are as follows: 
¢ The Sokolow-Lyon criteria (Sokolow and Lyon 1949) in 
which there is a LVE when SV1 + RV5-6 235mm. None- 
theless, although it is very specific (90-95%) (very few 
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false positives), as happens with other voltage criteria, it 
has a low sensitivity (20-25%). 

e The ECG criterion RVL + SV3 >24mm for men and 
>20mm for women (Cornell voltage criteria) (Devereux 
et al. 1984; Casale et al. 1985, 1987). This is no more sensitive 
than the Sokolow-Lyon criterion, with mild higher 
specificity (>95%). With the Cornell product, a modified 
Cornell voltage criteria, a higher sensitivity without 
compromising specificity is obtained (Mulloy et al. 1992; 
Okin et al. 1995). The calculations, however, are tedious. 
Furthermore, in other series the sensitivity is found to be 
lower. Even in those studies that corrected the Cornell 
voltage with the inclusion of body mass index (Norman 
and Levy 1993), sensitivity does not increase to above 50%. 
e The sum of 12-lead voltage has been used in aortic 
valve disease patients with necropsic and hemody- 
namic correlations (Siegel and Roberts 1982) and in 
hypertension patients with echocardiographic correla- 
tions (Koito and Spodick 1989; Rodriguez Padial 1991) 
(see Chapter 21). 

¢ Talbot et al. (1976) studied the utility of diverse scalar 
and orthogonal ECG criteria for diagnosis of LVE, and the 
repercussions of associated diseases (myocardial infarc- 
tion and ventricular block) on the usefulness of these cri- 
teria. The criterion R in VL 211 mm in the absence of left 
axis deviation was found to be the most specific one in 
every group (92% in isolated LVE with a sensitivity of 
10%), while in the presence of superoanterior hemiblock 
the voltage of R 216mm in VL had similar specificity for 
LVE (see later). Almost the same results were obtained 
when myocardial infarction was found to be associated. 
e Murphy et al. (1983) studied the sensitivity of 30 ECG 
criteria for LVH alone or combined with RVE in four sce- 
narios (ischemic heart disease, systemic hypertension, val- 
vular heart disease, and cardiomyopathy). Some ECG 
criteria frequently showed a high sensitivity for one disease 
but not for others. Precordial voltage criteria were more 
sensitive for those with hypertension and valvular disease. 
e High ORS voltage is determined by the relationship 
between ventricular wall thickness and cavity radius. If 
the product of the two exceeds 300mm, the Sokolow 
index is always 235mm. This explains how a large 
dilation with thin walls and a small radius with thick 
walls both produce large ORS voltage. 

¢ The importance of the degree of LVH. The sensitivity 
of ECG for diagnosing LVH (Van der Wall et al. 1999) var- 
ies from 21 to 54%, with sensitivity increasing as the 
degree of hypertrophy increases, although this is not 
apparent in all ECG-LVH criteria. According to Devereux 
et al. (1984), the sensitivity of the ECG when using the 
Cornell voltage criteria for ECG-LVH increased from 27% 
for mild LVH to 57% for severe cases, with a specificity of 
97% that indicated a low risk of false positive readings. 
These data are fairly consistent with other studies, such 
as the Perugia score (Figure 10.29). On the other hand, 


methods using combinations of various criteria also 
demonstrated improved sensitivity. Each of the results 
shown in Table 10.4 has to be contemplated in light of 
this. The sensibility, especially of different criteria, varies 
widely according to population, the grade of hypertrophy 
and the methodology used. We have shown the different 
sensitivity values of Cornell voltage criteria and Perugia 
score according to the severity of LVH. In addition, the 
Romhilt-Estes score 24 has an SE of 54% in the original 
paper (necropsic study) (Romhilt and Estes 1966); in a 
recent paper using CMR as a standard and in other types 
of population, it was only 15.9% (Jain et al. 2010). 


Point score systems 

Romhilt-Estes score 

Romhilt and Estes (1966) devised a score (Table 10.5) that 
attained a global specificity of 97% and a sensitivity of 
~55% in a post-mortem series of mostly hypertensive and 
coronary patients. Compared with the voltage criteria, 
this system is somewhat more accurate (see Table 10.4). In 
this series, 58% of hypertrophic patients scored 5 points 
and 62% at least 4 points, while only 2 patients (3%) with- 
out hypertrophy scored 5 points. In patients with hyper- 
tension, sensitivity was 45% and in coronary patients it 
was 55%. When hypertension and coronary disease coex- 
isted, sensitivity was 88%. 

Although an objective demonstration has yet to be car- 
ried out, the Romhilt—Estes point system would probably 
improve in sensitivity with little loss of specificity if the 
following additions or modifications would be per- 
formed: (i) ST-T vector opposite to QRS with digitalis = 2 
points instead of 1; (ii) other repolarization alterations 


Table 10.5 Romhilt-Estes score. Tere is left ventricular enlargment 
if 5 or more points are obtained. Left ventricular enlargement is 
probable if the sum is 4 points 


A. Criteria based on QRS modifications 


1. Voltage criteria 3 points 
One of the following should be present: 
— R or S inthe FP 220mm 
- S in V,-V, 230mm 
-R inV,-V, 230mm 
2. AORS at -30° or more to the left 2 points 
3. Intrinsicoid deflection in V,—-V, 20.05 1 point 
4. QRS duration >0.09s 1 point 
B. Criteria based on ST-T changes 
1. ST-T vector opposite to QRS (Ko without 3 points 
digitalis 
2. ST-T vector opposite to ORS DA with 1 point 
digitalis 
C. Criteria based on P wave abnormalities 
1. Negative terminal P mode in V, > 1mm in depth 3 points 


and 0.04sec in duration 


(flattened or negative T, straightened ST, negative U) = 1 
point; and (iii) atrial flutter or fibrillation = 2 points. As 
mentioned above, however, in other group of populations 
that are based on standards of echocardiography or CMR 
for validating LVH, the sensitivity of this score is much 
lower while maintaining a very high specificity («100%). 


Framingham score (Levy et al. 1990) 

This is based on the presence of a strain pattern and at 
least one of the following voltage criteria: (i) RI + S II 
>2.5mV,; (ii) S V1/V2 + R V5/V6 =3.5mV; (iii) the S wave 
in V1/V2/V3 >2.5mV + R wave in V4/V5/V6 22.5mm. 


The Peruggia score 

This involves positivity in one of the following three cri- 
teria: (i) Cornell voltage: S V3 + R VL >24mm (men) or 
20mm (women); (ii) left ventricular strain pattern; (iii) 
Romhilt—Estes score 25 (Schillaci et al. 1994). 


The Glasgow Royal Infirmary score 

This shows similar results and confirms that the point 
score systems are the best criteria for assessing LVH 
(Morrison et al. 2007). 


Regression models 

Regression equations for estimating left ventricular mass 
were used to identify LVH. Table 10.4 shows the most 
common models. However, they are not used in clinical 
practice, although they may be implemented in automatic 
interpretation. The accuracy in detecting LVH and evalu- 
ating risk of cardiovascular death is similar to the best 
voltage or score systems (see Table 10.4). 


Limitations of the diagnostic criteria 
Having already commented on some of the limitations of 
the diagnostic criteria due to methodology used, type of 


Diagnosis of left ventricular hypertrophy in 
clinical practice (Figures 10.20 and 10.21) 


It is evident that very specific criteria are required for clinical 
use, even at the cost of sensitivity (Figures 10.20 and 10.21). 
The ideal situation would be a specificity as close as possible 
to 100% with the highest possible sensitivity (see Table 10.4). 
Of all the criteria described in Table 10.4, the ideal is a 
criterion that identifies LVE well and may furthermore 
predict risk of cardiovascular events in a multivariate analysis 
(see Table 10.8). The following may be used for this purpose: 

e A Romhilt—Estes score 25 points 

e The Cornell voltage (R VL + S V3 >24mm in men and 

20mm in women) 


e R VL211mm or 216mm in the presence of 
superoanterior hemiblock (SAH), which is easy to 
remember and highly specific but not highly sensitive. 
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patient cohort, etc., we will now expand on some of these 
aspects. (Levy et al. 1990; Hsieh et al. 2005; Jain et al. 2010). 


Methodological considerations 

Statistical studies have demonstrated that the diagnostic 
value of the ECG criteria for LVE largely depend on the 
real incidence of the disease in the population studied in 
accordance with Bayes’ theorem (Selzer 1981). In effect 
(Table 10.6), in a group of severely hypertensive patients, 
90% had anatomic LVE. Within this context, the possibil- 
ity that a positive ECG for LVE actually corresponds to 
anatomic LVE is quite high (720 of 740 subjects, or 97%). 
In contrast, in a group of asymptomatic adults the possi- 
bility that a LVE ECG corresponds to anatomic LVE is 
much smaller (8 of 206 subjects, 4%). 

In a study performed with pathologic correlation, the 
heart disease was in an advanced stage of development. 
As already discussed, the sensitivity of different criteria 
varies according to the degree of LVH. Moreover, the cor- 
relation between the anatomy of the heart and the ECG 
is poor (Silverman and Silverman 1979), among other 
reasons, because differentiating a normal heart from a 
hypertrophied heart is not always easy; heart weight 
measurement depends on the dissection technique 
employed, and the thickness of the muscular wall is dif- 
ficult to measure correctly due to loss of muscle tone and 
controversy over the most appropriate procedure for tak- 
ing these measurements. 

All these inconveniences have spurred correlation 
with imaging techniques, such as ventriculography, 
echocardiography and, more recently, CMR, which allows 
in vivo correlations with different evolutive periods of the 
disease. The latter two have the enormous advantage of 
being innocuous and therefore reproducible (see before). 

CMR as a standard for the diagnosis of LVH has been 
used recently (Jain et al. 2010). The authors found similar 
results regarding specificity for the majority of ECG crite- 
ria. However, the sensitivity was much lower in some 
parameters than in the original papers published on dif- 
ferent criteria. Furthermore, some ethnicity differences 
exist (Table 10.7). The authors admit that, having defined 
LVH at the 95 percentile of the left ventricular indexed 
mass, the sensitivity of the ECG-LVH criteria would have 
increased if the cut-off had been placed at a lower percen- 
tile level. This is just another example of how the results 
on specificity are fairly high and constant, but the 
results on sensitivity, that are lower, may have many 
differences according to the methodology used. 


Limitations conditioned by constitutional factors 

The diagnostic capability of the ECG varies with different 
constitutional factors (age, gender, physical habitus, etc.), 
to the extent that the same criterion can be positive or 
negative depending on the existence of one factor or other. 
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Table 10.6 Diagnostic value of ECG criteria of left ventricular enlargement in accordance 


with Bayes’ theorem 


ECG Criteria for LVE 


Positive Negative Total 
Severe hypertension group (1000 cases) 
90% has anatomical LVE: 
900 cases with anatomical LVE 720 180 900 
100 cases without anatomic LVE 20 80 100 
Total 740 260 1000 


Predictive accuracy 

Asymptomatic adults group (1000 cases) 
1% has anatomical LVE: 
990 cases without anatomic LVE 
10 cases with anatomic LVE 


Predictive accuracy 


720/740 = 97% 


198 792 990 

8 2 10 

Total 206 794 1000 
8/206 = 4% 


Table 10.7 Diagnostic characteristics of traditional ECG criteria for detecting MRI-defined left 
ventricular enlargement in the overall MESA cohort (N = 4967 participants) 


ECG criterion 


Sensitivity (95% Cl) 


Specificity (95% Cl) ROC area (95% Cl) 


Sokolow-Lyon voltage 26.0 (21.7-30.7) 
Romhilt-Estes > 4 5.9 (12.4-19.9) 
Romhilt-Estes > 5 5.7 (3.6-8.6) 
Cornell voltage 5.1 (11.7-19.1) 
Perguia score 24.7 (20.5-29.4) 
innesola code 3.1 6.9 (13.3-21.1) 
Framingham score 7.0 (4.7-10.1) 
Lewis index 23.2 (19.0-27.7) 
Adjusted Cornell voltage* 5.1 (11.7-19.1) 
LV strain pattern 0.7 (7.8-14.2) 
Cornell duration product 4.8 (11.4-18.8) 
Sokolow-Lyon duration 2.5 (9.4-16.2) 
product 
Gubner and Ungerleider 3.8 (10.5-17,7) 


*Framingham adjusted. 


If these factors are kept in mind, the diagnostic capability 
of the ECG can be increased in an important percentage of 
cases. We will examine some of these factors. 

e Changes with age. The voltage criteria are of dubious 
value in subjects under 25-30 years of age because iso- 
lated voltage criteria are frequently present without LVE. 
For this reason, the use of different voltage criteria for 
children, adolescents, and young adults has been pro- 
posed. In adolescents between 11 and 16 years of age, SV2 
+ RV5-6 can attain 265mm without LVE taking place. In 
some series, R exceeds 35mm in 30% of healthy males 
between 20 and 40 years of age. Therefore, the SV1 + 
RV5-6 criterion for LVE should be raised to above 40mm 
or even higher for some authors (Scott 1973). In contrast, 
QRS voltage in the elderly usually declines due to myo- 
cardial fibrosis or other causes. Repolarization alterations 


92.6 (91.8-93.3) 0.59 (0.57-0.62) 
97.0 (96.5-975) 0.56 (0.55-0.58) 
99.1 (98.8-99.4) 0.52 (0.51-0.54) 
97.3 (96.7-97.7) 0.56 (0.54-0.58) 
93.2 (92.4-93.9) 0.59 (0.56-0.61) 
95.5 (94.9-96.1) 0.56 (0.54-0.58) 
99.2 (98.9-99.4) 0.53 (0.52-0.54) 
88.7 (878-89.6) 0.56 (0.54-0.58) 
97.2 (96.7-977) 0.56 (0.54-0.58) 
97.0 (96.5-975) 0.54 (0.52-0.55) 
973 (96.8-977) 0.56 (0.54-0.58) 
98.4 (98.0-98.8) 0.56 (0.54-0.57) 
94.5 (93.8-95.2) 0.54 (0.52-0.56) 


should therefore be considered more important in the 
diagnosis of LVE, even in the absence of voltage criteria. It 
is thought that the voltage of the maximum spatial QRS 
vector decreases 6% per decade from the age of 20 to 80. 
e Changes in body habitus. Very lean individuals and 
women with a left mastectomy have a higher ORS volt- 
age, which can lead to a false diagnosis of LVE if this 
criterion is used alone for the diagnosis. Characteristically, 
some older persons, especially women who have suffered 
significant weight loss, display an ECG typical of LVE, 
but LVH is not found in the autopsy (“little old lady 
ECG”). Obese individuals, or persons with any other 
type of intracardiac (e.g. myxedema) or extracardiac bar- 
rier effect (pleural or pericardial effusion, emphysema, 
etc.) can have LVE without meeting the usual voltage cri- 
teria. (Chapter 7. ECG changes with body habitus). 


e Changes according to gender or race. Men show a 
greater ORS voltage in the frontal and horizontal plane 
leads, especially in the latter. In women, if the electrode is 
placed over the left breast, a lower voltage may be 
recorded. Furthermore, voltage is higher in Black people 
than in White people (Velury and Spodick 1994). The dif- 
ferences in SE and SP in different races have been reported 
(Table 10.7) (Jain et al. 2010). 

e Changes of voltage and heart volume. There is no 
unanimous agreement as to whether increased left ven- 
tricular blood volume that produces left ventricular dila- 
tion increase or decrease the surface ECG voltage; both 
direct and inverse relations have been described. Different 
factors contribute to this discrepancy (Brody effect, state 
of the myocardial fibers, etc.) (Amoore 1985). These facts 
illustrate the difficulties of interpreting R wave changes 
produced during the exercise test (see Chapter 25). For 
some authors (Clemency et al. 1982), the sensibility of the 
ECG criteria diminishes with ventricular dilation. 

e Day-to-day variations in voltage. Willens et al. (1972) 
demonstrated that ECG and VCG voltage can vary on 
a daily basis. This is another factor that can modify the 
sensitivity and specificity of the voltage criteria for 
diagnosing LVE. 


Value of other electrocardiological 

techniques 

Using orthogonal leads, Macfarlane et al. (1981) found a 
score designed from a hybrid system (12-lead ECG+3 
orthogonal leads) with a sensitivity of 65-75% and a 
specificity of 90-95%. Pipberger et al. (1982) obtained a 
lower specificity at the expense of increasing sensitivity 
with a coding system for patients with severe hyperten- 
sion or aortic valve disease. This method may be useful 
for performing a preliminary screening. In order to 
improve the diagnostic accuracy of LVE, sophisticated 
electrocardiological procedures may be used. For 
instance, a better correlation with the ventricular mass is 
obtained with a multiple dipole technique (126 leads) 
(Pipberger 1979) compared to that with three orthogonal 
leads or a standard ECG. Considering the ease of calcu- 
lating ventricular mass by echocardiography, however, 
the effort required to carry out this complicated technique 
is not worthwhile. 


D Special characteristics of some types of 
left ventricular hypertrophy 

Left ventricular hypertrophy in children (Moss 

and Adams 1968; Rowe and Mehrizi 1968) 

Because of the predominance of the right ventricle in the 

newborn, the diagnosis of LVH at this age presents certain 

peculiarities. The following criteria suggest LVE in the 

neonatal period: 

e S in V1 larger than 20mm in the full-term newborn 

and larger than 25mm in the pre-term newborn. In the 
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latter case, the right physiological overload is of a shorter 
duration than that of the full-term infant. 

e R wave in V6 greater than 16mm. 

¢ R/S ratio in V1 less than 1 in the full-term newborn. 

e T wave in V1 positive after the 4th day of life, as long 
as T is negative in the left precordial leads. 

e Qin V6 over 3mm. 

e Left-deviated AORS (beyond 30°). 

As the years pass, the QRS loop, anterior and to the 
right in the infant after the first few weeks of life, becomes 
posterior and to the left, as in the adult (see Figure 7.44). 
However, the posterior position of the loop, manifested 
by rS in V1 with “r” similar in size to “q” in V6, is a sign 
suggestive of LVH in children under 2 years of age who 
are not pre-term. In contrast, very high voltage in V5 and 
V6 with R superior to 30mm and unaccompanied by S, if 
the “r” in V1 is notably larger than “q” in V6, is frequently 
observed in children without heart disease. 

A normal ORS complex for age with a P wave charac- 
teristic of left atrial enlargement also suggests LVH. 

Tables have been published (Moss and Adams 1968) that 
show the normal values for the different ECG parameters 
from birth to adulthood. Values which are out of the normal 
range according to these tables suggest an abnormality. 


Left ventricular dilation vs. left ventricular 
hypertrophy 

When ECG criteria for LVE are found, the most constant 
echocardiographic sign is the increase of left ventricular 
mass. This is seen in practically 100% of patients, while 
left ventricular dilation is detected in less than 50%. 

In contrast, the presence of a clear dilation of left 
ventricle is especially seen in cases of dilated cardiomyo- 
pathy. This generally occurs earlier in heart disease with 
diastolic overload (e.g. aortic regurgitation) than in heart 
disease with systolic overload (e.g. aortic stenosis). 

When an R wave satisfies the voltage criteria for LVH, 
the following signs suggest associated left ventricular 
dilation: 

e R voltage in V6 exceeding that of R in V5. 

e Abrupt transition from a complex with a deep S in a 
chest lead to one with a tall R in the next lead to the left 
(Figures 10.30 and 10.31). 

e In successive ECGs, the reduction in R wave height in 
the left precordial leads as other hypertrophy signs 
become more severe. 

e QRS complexes with IDT 20.07s. 

e Low voltage in the frontal plane. 

e It has been reported that patients with isolated left ven- 
tricular dilation and normal thickness of the left ventricu- 
lar wall may present with an increase of the QRS voltage 
(Toshima et al. 1977). However, Reichek and Deveraux 
(1981) found that in patients with severe chronic aortic 
regurgitation and massive cardiomegaly, the usual crite- 
ria for LVH were often absent. 
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Figure 10.30 (A) Patient with 
mitral and aortic valve disease 
with atrial fibrillation. No ECG 
criteria for left ventricular 
enlargement are met but it is very 
apparent the presence of very 
low voltage in FP (see text). The 
echocardiography demonstrates 
an evident increase in ventricular 
mass and dilated left ventricular. 
(B) Patient with heart failure and 
evident left ventricular dilation in 
the echocardiography. Both ECGs 
showed many of the features of 
dilated cardiomyopathy. 


Figure 10.31 In cases with left ventricular dilation, a 


a V V V4+60° Vi v. narrow, very posterior QRS loop is often seen (A), which 
+120 490° a +120° can 475° explains why there is sometimes a progression from an 
[i 1 rS complex in a lead to qR on the next to the left, with 
y | [l | \ 1 the intermediate RS morphology absent (B) (see 
Figure 10.30B). 


Figure 10.32 A 56-year-old male 
with hypertensive heart disease. 
ECGs before treatment (A) and 
seven months later (B). Observe 
the reduction in the left 
ventricular enlargement 
morphology. 


Indirect signs of left ventricular hypertrophy 

The following may be considered indirect signs of LVH: 

e Clear signs of left atrial enlargement in the absence of 
mitral stenosis. 

e Atrial fibrillation in the elderly. 

e A negative U wave in leads facing the left ventricle in 
the absence of ischemic heart disease. 

e The presence of advanced LBBB. In this case, it is rec- 
ommended to always perform an echocardiogram. 

e Poor progression of the R wave from V1 to V3. This 
morphology can also be seen in older persons with no 
apparent heart disease and patients with septal infarction. 


LVH in cardiomyopathies and heart failure 
Patients with hypertrophic CM usually present with 
voltage criteria and also repolarization alterations (strain 
pattern) of LVH (see Figure 21.3). However, it may occa- 
sionally present abnormal Q waves (Figure 21.1), and in 
cases of apical HCM the negative T wave is often very 
deep and peaked (see Figure 21.2). Finally, patients with 
HCM and low voltage of QRS have been shown to pre- 
sent with more frequently dilated cardiomyopathy in a 
long follow-up (Figure 21.4) (see Chapter 21). 

Different types of restrictive CM may present striking 
ECG signs of LVH, including “strain pattern”, but also 
“Q” waves of pseudo-necrosis and prominent R waves in 
V1 as described in Chapter 22. In this chapter the most 
characteristic ECG signs found in patients with heart 
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failure, including the changes of voltage of ORS related to 
the presence of anasarca are described (Figure 22.5). 


Regression of ECG signs of left ventricular 
hypertrophy 

This may be seen in hypertensive patients in particular. 
With treatment, the left ventricular mass is reduced and, 
frequently, a clear improvement in the ECG may also be 
observed (Figure 10.32). Furthermore a regression of left 
ventricular strain pattern after valve replacement in case 
of severe aortic stenosis, usually not long-lasting evolu- 
tion, may be seen. 


E Differential diagnosis 

LVE should be distinguished from LBBB, some cases of 
WPW pre-excitation and ischemic heart disease, especially 
anteroseptal infarction. 

e LVE versus LBBB. The QRS complex never measures 
0.12s in isolated LVE, whereas this is the rule in advanced 
LBBB. Therefore, when QRS is 0.12s or more, there is 
associated advanced LBBB or superoanterior hemiblock 
with an important degree of left ventricular parietal block. 
Partial LBBB or septal fibrosis accounts for the lack of “q” 
wave in V6 in patients with LVE (Piccolo et al. 1979; Bayés 
de Luna et al. 1983) (see above). The negative T wave seen 
in advanced LVE is likely due, at least partially, to some 
degree of LBBB accompanied by hypertrophy (Bisteni 
1977) (see before). 
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e Type I and II WPW pre-excitation. WPW pre- 
excitation, especially types I and II, can generate tall R 
waves in V5-V6 and small or even absent “r” in V1 that 
may be confused with LVH or LBBB, especially since there 
is no initial “q” and there is an abnormal repolarization. 
Careful measurement of the PR interval and the identifi- 
cation of the ô wave clarify this confusion (Chapter 12). 
e Ischemic heart disease. The following differential 
diagnosis has to be performed: 
— Lateral ischemia vs. LVH. In cases of normal QRS and 
negative T wave in lateral leads (V5-6, I, VL) the fol- 
lowing criteria suggest isolated LVE (Beach et al. 1981): 
(a) depression of the J point, (b) an asymmetric T wave 
with a more rapid upslope, (c) positivity in the final 
part of T wave, and (d) a T wave that is more negative 
in V6 than in V4. 
— The presence of QS in right precordial leads in 
patients with LVE. The presence of QS in V1-V2 in 
patients with LVE is a challenge because the presence of 
associated myocardial infarction has to be ruled out. The 
following data may suggest the presence of associated 
myocardial infarction in cases of QS pattern in V1: (a) a 
notch or slurrings at the beginning of QRS, (b) the 
presence of fragmented QRS, or (c) the presence of a nega- 
tive symmetric T wave in V1-V2. If needed, contrast- 
enhanced CMR can accurately identify whether 
myocardial necrosis is present in cases of dubious Q waves 
in V1-V2 (see Chapter 13) (Bayés de Luna et al. 2006). 


F Diagnosis of left ventricular hypertrophy 
in the presence of ventricular blocks 


In the presence of advanced right bundle branch 
block 
The sensitivity of the criteria is lower but the specificity 
remains high. According to Vanderberg et al. (1985), LVH 
is suggested with a sensitivity of about 30% and a speci- 
ficity >90% when: 
e the terminal negative P wave in V1 21 mm in depth and 
>0.04s in duration; 
e the Romhilt—Estes score 25; 
e RV5>20mm; 
e RI>10mm. 

The Sokolow-Lyon index in the presence of RBBB has a 
high specificity (100%) but a low sensitivity (4%) because 
of the presence of a small S wave in V1. 


In the presence of advanced left bundle 

branch block 

Scott (1973) found with anatomic correlation studies that 
all patients with advanced LBBB studied post-mortem 
presented with LVH and that the sensitivity of ECG crite- 
ria for LVH was only a little lower than in cases with no 
LBBB. Also, studies performed with echocardiographic 
correlations showed that the diagnosis of LVH in the 


presence of LBBB is feasible. We will now look at the most 
important criteria. 

A sensitivity of 75% for four cumulative criteria (RVL 
211mm, ORS axis —40°, or beyond, SII > SIII, SV1 + RV5 
or RV6 240mm and SV2 225mm) with a specificity of 
90% were found by Kulka et al. (1985) using an echocar- 
diographic correlation. The author claims that LVE can be 
reliably diagnosed both in the presence of LBBB and 
under normal conditions. 

A higher Sokolow-Lyon score in 80% of patients with 
LBBB and an augmented ventricular mass confirmed by 
echocardiography were reported by Lopes et al. (1978). 

In intermittent LBBB, SV1 increases and RV5-6 
decreases without modifying the Sokolow-Lyon criteria 
(Cokkinos et al. 1978). 

The diagnosis of LVE in patients with LBBB can be 
made using the echocardiogram as a control when the 
sum of SV1 + RV6 245mm with a sensitivity of 86% and a 
specificity of 100% (Klein et al. 1984). However, the sensi- 
tivity of this criterion is lower than that in other studies 
(Gertsch 2004). 

Sometimes the vertex of R wave is more peaked because 
Vector 4 has a greater magnitude. 

There are criteria for clear left atrial enlargement. 


In the presence of superoanterior hemiblock 

The following criteria suggest LVE: 

e The index SIII + (R+S of greatest voltage in precordials 
>30mm for males and >28mm for females) with echocar- 
diography correlations has a high specificity and sensitiv- 
ity (Gertsch et al. 1988). 

e The R wave voltage in VL 216mm strongly suggests 
LVE (Talbot et al. 1976), but the sensitivity of this criterion 
is low (Figure 11.40). 


G Clinical implications 

ECG diagnosis of LVE is not easy and should always be 
carried out after careful observation of the QRS complex 
changes (above all, voltage criteria) and ST-T variations 
(ST segment and T loop opposite to QRS). Despite these 
precautions, false positive and false negative diagnoses 
are made. However, an apparently normal ECG is more 
often seen in LVE than an ECG characteristic of LVE is 
seen in a normal individual. 

In aortic valve disease, the presence of the signs of LVE 
(tall R and “strain pattern” of repolarization) suggests 
significant and long-lasting heart disease and a poor pro- 
gnosis (Greve 2012). 

Epidemiologic studies have shown that in patients with 
arterial hypertension, the presence of ECG signs of LVE is 
a marker for poor long-term prognosis, leading to 
an increase in overall cardiac mortality and sudden cardiac 
death (see Chapter 22, The ECG in arterial hypertension). 

It should be kept in mind (see before), however, that ECG 
criteria have important limitations due to methodological 
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Table 10.8 Association of ECG correlates of LVH with incident total CVD events 


(n = 307 among 4938 participants followed for 


CV event rate" 


a median of 4.8 years) 


ECG Criterion No LVH LVH Unadjusted HR Adjusted HR 
(95% Cl) (95% Cl) 
SV, +SV,+RV,(24.2mV) 3.34 6.92* 1.74 (1.32-2.31)' 1.64 (1.21-2.21)* 
Sokolow-Lyon voltage 3.45 5.83* 77 (1.28-2.44)* .26 (0.90-1.76) 
Romhilt-Estes 24 3.50 i51* 2.21 (1.47-3.32)* .05 (0.69-1.61) 
Romhilt-Estes 25 3.54 13.59* 4.07 (2.38-6.95)* 2.02 (1.15-3.54)* 
Cornell voltage 3.55 6.55 2.01 (1.28-3.16)* 1.65 (1.03-2.63) 
Perguia score 3.36 7.14* 2.32 (1.71-3.16)* .36 (0.99-1.88) 
Minnesota code 3.1 3.54 5.42* 62 (1.35-1.94)" .15 (0.76-1.74) 
Framingham score 3.53 14.08* 3.95 (2.35-6.64)* 2.04 (1.20-3.49)* 
Lewis Index 3.43 5.34* 67 (1.24-2.24)* .19 (0.87-1.60) 
Adjusted Cornell voltage! 3.55 6.517 98 (1.26-3.13)* 1.65 (1.03-2.63): 
LV strain pattern 3.51 789* 2.34 (1.53-3.58)* 14 (0.73-1.76) 
Cornell duration product 3.48 8.57* 2.84 (1.89-4.24)* 1.67 (1.09-2.54)? 
Sokolow-Lyon duration 3.59 6.415 .78 (1.02-3.09)$ .26 (0.71-2.23) 
product 
Gubner and Ungerleider 3.55 5.328 52 (1.02-2.26)§ .01 (0.67-1.51) 


Hazard ratis adjusted for age, BMI, gender, hypertension, diabetes, total and HDL 
cholesterol, pack-years of smoking, ethnicity, lipid and hypertensive medication, number of 


alcohol drinks per week, and physical activity. 
* P< .0005. 

+ P< .005. 

+P<.01. 

5 P< .05. 

l Measured per 10000 person-days. 

1 Framingham adjusted. 


problems (ECG criteria, for example, yield very different 
results in a group of severe hypertensive patients than in 
a group of healthy young people, in accordance with the 
Bayes’ theorem), constitutional factors (i.e. variations with 
age, body habitus, etc.), timing and recording technique (i.e. 
daily variations in QRS voltage). In fact, false positive and 
false negative diagnoses of LVE are common. 

When confronted with an ECG tracing suggestive of 
advanced (long-standing) LVE (tall R and “strain pat- 
tern”), it is important that LBBB, type I and II WPW, and 
ischemic heart disease are ruled out. 

From a prognostic point of view, LVH is a strong 
independent predictor of future cardiovascular events 
(Haider et al. 1998; Gardin et al. 2001; Bluemke et al. 2008) 
and the ECG is widely used to detect LVH. Although the SE 
of the ECG is low in predicting LVH, its SP is very high. 
Thus, the prognostic value of the ECG when the diagnosis of 
LVH is made is even greater than that of echocardiography. 

The Framingham study (Kannel et al. 1969) indicated 
that one-third of men and a quarter of women with LVH 
who met ECG criteria that included evident repolarization 
disturbances in the ECG died within 5 years of diagnosis. 
Currently with the new treatment of hypertension and 
ischemic heart disease, surely the prognosis will be much 


better. The multi-ethnic study of atherosclerosis (Jain et al. 
2010) has shown the association of different ECG criteria 
for LVH defined by CMR with the incidence of cardio- 
vascular events (Table 10.8). The ECG-LVH criteria that 
predicted an increased risk of cardiovascular events in this 
multivariate study were: a Romhilt—Estes score >5, Cornell 
voltage and the Framingham score in particular. Based on 
this study, we use the Romhilt-Estes score >5 and Cornell 
voltage criteria in our clinical practice (see before). 

Recently it has been demonstrated (Subirana et al. 2011) 
that the associated LVH in a population of sudden death 
victims studied by necropsy in Mediterranean countries 
is higher when compared to Anglosaxon countries. 


Biventricular hypertrophy 


A Concept and associated diseases 

Biventricular hypertrophy is found especially in valvular 
and congenital heart disease with biventricular involve- 
ment. The diagnosis of biventricular enlargement can 
often pose serious difficulties, especially when the 
enlargement of one of the ventricles is very prominent 
and masks the forces generated by the other enlarged 
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YA 


ventricle, or when both ventricles are similarly enlarged. 
This can result in a “balanced” normal QRS complex. The 
presence of atrial and repolarization abnormalities can be 
useful for diagnosing biventricular enlargement. 

ECG diagnosis of biventricular enlargement is even 
more difficult than the diagnosis of isolated ventricular 
enlargement. In adults with advanced heart disease, 
dilation of the ventricles usually is associated with wall 
hypertrophy. 

On some occasions, the ECG, or at least the QRS 
complex, is normal due to equilibrium between the forces 
of the left and right ventricles, both of which are hypertro- 
phied. Other times, the ECG manifestations of LVH 
completely dominate the picture, obscuring the presence 
of right ventricular hypertrophy. This situation is partly 
responsible for the low sensitivity (generally 25%) of 
many of the ECG criteria for diagnosis of right ventricular 
hypertrophy. Finally, sometimes LVH is hidden and not 
diagnosed by ECG, especially in cor pulmonale. 

At other times, biventricular enlargement is diagnosed 
by ECG, but during autopsy it is revealed that only the 
left ventricle was enlarged. This has occurred in almost 
50% of some series (Chou 1979). The ECG criteria most 
commonly responsible for the false positive diagnosis of 
associated RVE were an R larger than 7mm in V1 and R 
V1 + SV6 >10.5mm. 


B Electrocardiographic diagnosis: ECG criteria 
The specificity of ECG criteria is low, generally =50%, 
and the sensitivity is even lower (usually under 20%). 
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Figure 10.33 Patient with 
mitral—aortic-tricuspid valve 
disease and ECG signs of right 
and left ventricular and left atrial 
enlargement. The echocardiogram 
confirmed this. 


However, correlation studies between bi-dimensional 
echocardiography and CMR will probably improve speci- 
ficity at the very least. 

The most useful ECG criteria for the diagnosis of 
biventricular hypertrophy are the following: 
e Tall R in V5-V6 with right AORS in not very lean indi- 
viduals (2 +90°, Figure 10.33). The possibility of inferopos- 
terior hemiblock coexisting with LVE should be ruled out. 
e Tall R in V5-V6 with tall R in VI-V2. WPW-type 
pre-excitation must be ruled out. 
e ORS complex within normal limits accompanied 
by important repolarization disturbances (negative 
T and ST depression), especially if the patient has 
atrial fibrillation. This type of ECG is seen in the 
elderly with advanced heart disease and biventricular 
enlargement. 
e Small (shallow) S in V1, deep S in V2, and a dominant 
R in V5-V6, with right deviated ÂQRS in the frontal 
plane, or SI, SII, SIII-type morphology (Figure 10.34). 
e High voltages in the intermediate precordials with a 
tall R in left precordials (frequent in large ventricular sep- 
tal defect) (Katz—Watchell sign) (Figure 10.35). 


Diagnosis in the neonatal period 

In the neonatal period, biventricular enlargement is 
suggested by: 

e direct signs of RVH and LVH; 

e direct RVH signs plus one of the following: (i) “q” wave 
of 2mm or more in the left precordial leads, (ii) conspicu- 
ous R in V6, or (iii) negative T in the left precordials; 
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Figure 10.34 Example of biatrial and biventricular 
enlargement. A 35-year-old patient with mitral 
stenosis and regurgitation, aortic regurgitation 
and significant pulmonary hypertension with 
sinus rhythm (see text). 


Figure 10.35 An example of biventricular 
enlargement (see text). Patient aged 42 years 
with mitral stenosis and regurgitation as well as 
tricuspid stenosis and regurgitation in atrial 
fibrillation. See the SI, SII, SIII pattern in the 
frontal plane, big voltage difference in V1-V2, 
and high R-voltage in V6 (see text). 


e the criteria of LVH plus R > S waves in V1; 
e an apparently normal ECG in the presence of 
cardiomegaly not caused by pericardial effusion. 

The presence of RVE signs and a AQRS deviated beyond 
-30°, however, do not suggest biventricular enlargement, 
but rather RVE and superoanterior hemiblock. This 
type of ECG suggests in children the existence of 
common atrioventricular canal or double outlet right 
ventricle. 


Other electrocardiological methods 
Macfarlane et al. (1981) has applied a point system based 
on the orthogonal leads that allow quantified criteria to be 


used to diagnose biventricular hypertrophy. According 
to this author, the sensitivity when using these criteria 
ranges from 42% to 64% and the specificity exceeds 90%. 


C Diagnosis of biventricular hypertrophy 
in the presence of ventricular block 


In the presence of right bundle branch block 
Biventricular hypertrophy is suggested in the presence 
of: rsR’ morphology in V1, V2 and sometimes V3, with a 
high R’ voltage or exclusive R in V1-V2, and qRs mor- 
phology in V5-V6, as well as, occasionally, V4 with a good 
voltage R (>20mm) (see Figure 11.13C). 
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In the presence of left bundle branch block 
Biventricular hypertrophy is suggested when there are 
signs of LVH plus right AQRS, and/or evident “r” in V1 
in the absence of myocardial infarction. 


D Enlargement of the four cavities 


This diagnosis is suggested by the association of ECG 
signs typical of isolated enlargement of the four cavities. 
This rarely occurs. However, the diagnosis is possible in 
certain situations, such as the coexistence of biventricular 
enlargement with atrial fibrillation or other ECG signs of 
left atrial enlargement plus indirect criteria of right atrial 
enlargement (QRS ratio of voltage V2/V1 25), or a P wave 
of clearly bi-atrial enlargement (see Figure 10.35). 
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Chapter 11 


Ventricular Blocks 


Definition of terms 


Historically (Sodi et al. 1964; Cooksey et al. 1977; Laham 
1980; Alboni 1981; Macfarlane and Veitch Lawrie 1989), it 
was thought that an electrical impulse was usually 
blocked in the trunk of the right or the left bundle branch, 
respectively, producing ECG patterns of right bundle 
branch block (RBBB) or left bundle branch block (LBBB). 
However, it was also known that ECG morphologies sim- 
ilar to right or left bundle branch block patterns may be 
produced not only by trunk injuries, but also by injuries 
located more proximal to the bundle of His, or distal to 
the trunk in the periphery (parietal) (Narula 1977; Sung 
1979; Horowitz et al. 1980). 

While the concepts of superoanterior division block 
and inferoposterior division block of the left bundle 
branch (hemiblocks) have already been defined 
(Rosenbaum et al. 1967), it is currently under debate 
whether a pattern expressing blockage in the middle fib- 
ers of the left bundle branch exists. An additional ECG 
pattern for the diagnosis of right zonal blocks has also 
been described (Bayés de Luna 1980). 

Finally there are cases with mild increase of QRS 
duration (2110 ms) due to non-specific diffuse conduction 
delay but without any typical pattern of right or left 
bundle branch block. 


Anatomic considerations (see also 
Chapter 4) 


The ventricular conduction system is formed by the right 
and left bundle branches, their respective divisions and 
their interconnected Purkinje networks (Figure 11.1). 
There are three distinct terminal fascicles within the 
ventricular conduction system: the right bundle branch, 
the superoanterior division of the left bundle branch and 
the inferoposterior division of the left bundle branch. They 
form the basis of the three-fascicular concept of the intra- 


ventricular conduction system (Rosenbaum et al. 1967). 
The middle fibers of the left bundle might be considered 
another terminal area, although very often they are not 
fascicles but instead show a fan-shaped morphology, 
potentially forming the fourth input of ventricular activa- 
tion (Durrer et al. 1970; Uhley and Rivkin 1964). 

The right bundle branch is at first subendocardial; later 
it penetrates the septal myocardium before reaching the 
moderator band. Anatomically speaking, the divisions are 
not well-defined, but are considered to consist of approxi- 
mately two that encompass a unique Purkinje network. 
From an electrophysiological point of view the network 
may act as two separate areas and produce zonal blocks. 

The left bundle branch has two anatomically well- 
defined divisions: the superoanterior division, which is 
longer and narrower, and the inferoposterior division. 
The mid-septal fibers are distributed between them with 
an inconsistent presentation and variable morphology 
(Figure 11.2). The electrophysiological significance of 
these fibers is still not completely understood, but as pre- 
viously mentioned, it appears that a block in this area 
may induce a particular ECG pattern (see later). 


Electrophysiological considerations 


From an electrophysiological point of view, blocks at a 
ventricular level, as with the other types of heart block 
(see Chapter 11), may be first degree. In this case, the 
stimulus may always cross the fascicle, or area in ques- 
tion, but it is delayed. In third-degree block, the stimulus 
cannot activate the blocked area through the normal 
pathway. In second-degree block, the presence of the 
block is intermittent. 

Impulse conduction may be delayed on either the 
right or left side at a proximal or peripheral level. 
Proximal blocks are the most frequent, with the zone 
involved usually located in the proximal part of the left or 
right bundle branch trunks, or in the proximal portion of 
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Right bundle 


Left bundle 


Figure 11.1 Anatomic distribution of the SAD 
intraventricular conduction system from 

the left side (A) and from front to back 

(B): (1) a lesion at the hisian level; 

(2) a lesion at the truncal level; (3) the 

left bundle branch divisions; (4) the 

peripheral level. IPD: inferoposterior MF 
division; MF: middle fibers; Mi and 

Tr rings: mitral and tricuspid rings; SAD: 
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Figure 11.2 Different pathologic aspects of the middle fibers 
of the left branch in 20 normal cases, according to Demoulin 
and Kulbertus (1972). (Reproduced from Demoulin JC, 
Kulbertus HE (1972), with permission from BMJ Publishing 
Group Ltd.) 


the superoanterior or inferoposterior divisions. 
Proximal blocks include the infrequent cases in which a 
block is the result of the involvement of the correspond- 
ing His fibers (see Figure 11.1). In right peripheral 
block, the lesion is located in the distal part of the 
branch or in the corresponding Purkinje network. Left 
peripheral block, if global, involves the entire left 
Purkinje network; if partial (superoanterior or infer- 
oposterior division), only the corresponding Purkinje 
network is involved. 

From an electrocardiographic point of view, the 
pattern of RBBB and LBBB, including the patterns of 
superoanterior and inferoposterior hemiblocks, are 
well-defined (Tables 11.1-11.6). We will look at them first 
individually, then as a simultaneous block of two or three 


Figure 11.3 To classify bifascicular and trifascicular block, we 
assume that four intraventricular fascicles exist: 1: right bundle 
branch; 2: trunk of the left bundle branch; 3: the superoanterior 
division of the left bundle branch; 4: the inferoposterior division 
of the left bundle branch. For these purposes, the middle fibers 
are not considered to be a fascicle. 


of these structures. In each case, we will briefly mention 
the clinical and prognostic implications of these types 
of blocks. We will refer to the combined blocks as 
“bifascicular” or “trifascicular” because it is helpful to 
think of these four structures (right bundle branch, left 
bundle branch trunk and superoanterior and inferoposte- 
rior divisions of the left bundle branch) as being equiva- 
lent to fascicles (Figure 11.2). We will also describe the 
possible ECG expression of the middle block fibers 
(Chapter 5) (Figure 11.3) (see later anteroseptal middle 
fibers block). 

The ECG morphologies of different degrees of right or 
left bundle branch block are the result of abnormal activa- 
tion of right and left ventricle due to the presence of the 
block (Wilson 1941; Grant and Dodge 1956; Sodi et al. 1964; 
Strauss and Selvester 2009; Strauss et al. 2011) (Tables 
11.1-11.4). 

The ECG morphology on the RBBB is similar irrespec- 
tive of the origin of the block, whether it is located in the 
trunk (e.g. bundle branch block) in the hisian fibers 
(Aguilar et al. 1977; Narula 1977; Sobrino et al. 1978; 
Castellanos et al. 1981) or is caused by an extensive 
peripheral block. However, some cases of peripheral 
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block present with special morphological characteristics 
(i.e. Ebstein’s disease, arrhythmogenic right ventricular 
dysplasia). In all of these cases, there is an abnormal and 
delayed right ventricular depolarization with the differ- 
ent degrees of conduction delay. 

The ECG morphology of the LBBB is also similar at all 
levels, except in some cases of LBBB at a peripheral level 
that may have more slurrings and wider ORS than when 
the block is in the proximal part of the left bundle. In the 
case of hemiblocks, the morphology when the block is 
peripheral and predominantly affects the area of the 
Purkinje network dependent on the corresponding fasci- 
cle may be similar to the typical ECG pattern seen in cases 
of superoanterior or inferoposterior block at a proximal 
level of the fascicle. 

Abnormal and delayed activation (the activation phe- 
nomenon encompasses depolarization + repolarization) 
of part of a ventricle (divisional or zonal block) or the 
entire ventricle (right or left bundle branch block) 
produces vectors directed towards the blocked zone that 
are more important in a third-degree block than in a 
first-degree block. For example, the right ventricle in 
third-degree RBBB is the last part of the heart to depolar- 
ize and it produces vectors directed from left to right and 
from the posterior to the anterior. This aspect is very 
important for understanding how changes in depolariza- 
tion produced by ventricular blocks modify the vectorcar- 
diographicloop and consequently theelectrocardiographic 
morphology of different types of block in the correspond- 
ing leads. 

ECG diagnosis of advanced (third-degree) RBBB and 
LBBB patterns offers the following features: 

e The diagnosis is performed mainly in the horizontal 
plane leads (V1 and V6). 

e The QRS should measure 0.12s or more (see Table 11.5 
for LBBB) and the slurrings should be in the direction 
opposite to the T wave. 

e Depolarization of the ventricle corresponding to the 
blocked area is effected transseptally from the contralat- 
eral ventricle (Sodi et al. 1964; Van Dam and Janse 1974; 
Windham et al. 1978), which modifies and delays the 
sequence of ventricular activation. The variations in the 
activation sequence and cardiac contraction occasioned 
by this anomalous activation can be confirmed by echo- 
cardiography or other imaging techniques (Frais et al. 
1982; Strasberg 1982). 

e Septal repolarization dominates over that of the free 
left ventricular wall and is responsible for the ST-T 
changes seen in advanced bundle branch block. 

Third-degree right and left bundle branch block are 
better termed “advanced” than “complete.” This is 
because if there were no transseptal depolarization from 
the opposite ventricle to the blocked zone, the right ven- 
tricle could theoretically still be depolarized by the 
impulse that slowly advances through the normal route. 


Patients with advanced bundle branch block, espe- 
cially on the left side, often present with an enlarged 
homolateral ventricle. It seems clear that a certain degree 
of conduction block in the area of the homolateral ventri- 
cle plays an important role in the electrogenesis of ven- 
tricular enlargement morphologies (Piccolo et al. 1979) 
(see Chapter 10). In addition, the partial bundle branch 
block patterns (right and left) have ECG patterns that are 
often similar to patterns found in the respective ventricu- 
lar enlargements. In fact, atrial blocks also have ECG pat- 
terns that are often similar to atrial enlargement (see 
Chapter 9). 

In general, the anatomic substrate is more diffuse than 
its ECG expression (Lenegre 1964). Frequently, when the 
ECG morphology reflects isolated advanced right or left 
bundle branch block, the entire ventricular conduction 
system is involved to some degree. 


Right bundle branch block (Table 11.1) 


This type of block produces a somewhat important global 
delay in right ventricular activation. We will first examine 
the different aspects of RBBB according to whether the 
resulting morphology corresponds to third-degree, or 
advanced, RBBB (QRS 20.12s and rsR’ in V1), second- 
degree, or intermittent, RBBB or first-degree, or partial, 
RBBB (QRS < 0.12s and rsr’ or rsR’ in V1). We will then 
discuss zonal right ventricular block (RVB). 


Third-degree (advanced) right bundle 

branch block 

The blockade site of advanced RBBB can be proximal or 
peripheral. Proximal block includes those cases caused by 
involvement of the His fibers corresponding to the right 
bundle branch, but this block is more often located in the 
proximal part of the right bundle. In peripheral block, the 
conduction delay is located either in the distal part of the 
right bundle branch (moderator band) or in the terminal 
ramifications of the branch (Purkinje network). The most 
frequent blocks are located in the proximal part of the 
right bundle. In both cases, proximal or peripheral origin, 
we use the same terminology because all have the same 
ECG patern (RBBB). 


Activation (Figures 11.4, 11.5, and 11.7) 
Advanced RBBB of proximal origin 


In proximal RBBB 

In proximal RBBB, the impulse is blocked in most cases 
in the proximal area of the right bundle, and consequently 
the ventricular depolarization starts normally, with the 
impulse descending by the left bundle branch, but it does 
not descend by the right branch, or it does so with a delay 
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Table 11.1 Right bundle branch block (delayed right ventricular activation) 


The conduction delay zone can be situated at different points in the His—Purkinje 
system (see text). More frequently it is in the proximal part, especially in the trunk 
of the right bundle (see text). 

e The ECG morphology depends especially on the grade of the block, not on its 
location (see leads VR, V1, and V6 in Figure 11.17). Some types of peripheral block 
present ECG differences: 

Third-degree (advanced) morphologies correspond to type III of the Mexican 
School (1964) 

First-degree (not advanced) morphologies correspond to types | and II of the 
Mexican School (Sodi et al. 1964) 

Second-degree corresponds to a special type of ventricular aberration. 

e With no conspicuous r’ in V1 (Superoanterior or inferoposterior zonal block) and 


Global 


Zonal 


ORS <0.12s (see text) 


Advanced (third degree) 
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plane loops in a normal patient and in a patient v 
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in the FP, but it is a somewhat more anterior in i w NSS 
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of 60ms or more. This is sufficient time for transseptal 
depolarization of the entire septum, originating from the 
left ventricle. Recently studies performed with three- 
dimensional endocardial mapping (Auricchio et al. 2004) 
have demonstrated that all patients with RBBB pattern 
have a single right ventricular septal break with a mean 
transseptal activation time of ~60ms. The QRS loop is 
modified by the left-right direction of transseptal 
depolarization and predominates over that of the free left 
ventricular wall, generated important vectors directed 
forward, to the right and somewhat upward (Sodi et al. 
1964). The projection of this loop on the frontal and 
horizontal planes accounts for the different lead 


morphologies according to the loop-hemifield concept 
(see Chapters 1 and 6). 

The horizontal loop, which shows the most important 
changes for the diagnosis of this type of block, rotates 
counterclockwise and is directed somewhat more for- 
ward than normal. Afterwards, it moves forwards and to 
the right with a delay (slurrings). The changes of the loop 
configuration in this plane are the key to understanding 
V1 and V6 morphologies in advanced RBBB. In the frontal 
plane, the last part of the loop also presents with slurrings 
with an upward and unusually rightward direction 
(Figures 11.4-11.6). Peñaloza et al. (1961) reproduced each 
of these changes in humans through progressive RBBB 
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Figure 11.5 Left: QRS and T vectors and loops 
in advanced (third-degree) RBBB. The thinner 
area of the right wall corresponds to the 
so-called trabecular zone. The intracavitary 
and epicardial QRS morphologies in this zone 
are the same (rsr’s’) because of the thinness of 
the wall. Right: projection of the four vectors 
on the two planes and the resultant morpholo- 
gies most often encountered in clinical practice 
e V (see text). 


Figure 11.6 The sequential 
appearance of progressive 
ECG-VCG patterns of experimen- 
tal RBBB in humans after touching 
the zone of the right bundle with 
catheter in a patient with a healthy 
heart (A) and in a patient with 
right ventricular hypertrophy (B). 
In both cases progressive changes 
in V1 and horizontal loop may be 
seen. The progressive changes of 
the horizontal loop shows that the 
ECG patterns are similar in both 
cases (rs, RS, and rsR’ (rR’)), but 
the morphology of the loop is very 
different (Reproduced with 
permission from Peñaloza 

et al. 1961). 
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Figure 11.7 Diagrams of the 
formation of the dipole and vector 
of depolarization and repolariza- 
tion in advanced RBBB (see text). 


<—— Ventricular 
depolarization 


Figure 11.8 ECG of a healthy 
75-year-old woman with no heart 
disease. For more than 15 years, 
the ECG was unchanged. This 

is a case of advanced RBBB ina 
normal heart with no apparent 
rotations (AQRS in the first half 

of QRS = +30° and there is a qRs in 


V5). FPa: frontal plane amplified; a a r he 
HPa: horizontal amplified. See the è 

final part of QRS depolarization 

that produces R’ in VR and V1. FP FPa 


induction by pressuring the right bundle during heart 
catheterization (Figure 11.6). 

To comprehend these variations, we can imagine 
ventricular depolarization in advanced RBBB to be 
represented by four vectors (Figures 11.4 and 11.5). Since 
depolarization initiates normally, Vector 1 does not vary 
due to RBBB. Vector 2 is somewhat diminished in voltage 
and slightly anterior, influenced by the anterior and right 
forces of powerful Vector 3, which begins at this moment 
and moves in the opposite direction. Vector 3 represents 
transseptal depolarization and is very important. 
Although the depolarization is of a relatively small 
ventricular mass, this process is slow due to the scarce 
number of Purkinje fibers in the septum. In the field of 
electrocardiography, the vectors that take longer to form 
are the most prominent. Vector 4, which is directed 
forward, to the right and upward, accounts for the late 
depolarization of the superior portion of the septum and 
part of the right ventricular wall. 

The ventricular repolarization does not depend on the 
free left ventricular wall as is the norm, but rather on the 
septum. Septal depolarization predominates over that of 
the free left ventricular wall. Consequently, repolarization 


--- > Vector of ventricular 
repolarization 
«~m~ Sense of phenomenon 


«<— Final vectors 

of depolarization 
---> Initial vector 

of repolarization 


HP HPa SP SPa 


begins on the left side of the septum, where depolariza- 
tion starts (Figure 11.7B), before depolarization of the 
right side of the septum is complete. For this reason, from 
its onset, repolarization (ST) is opposed to depolarization 
(end of R) and usually draws the final part of the R wave 
in V1 somewhat below the iso-electric line (Figure 
11.7B,C). In the surface ECG, this is not visible in the leads 
that face the left ventricle, where the ST segment is nor- 
mally iso-electric. Finally, when depolarization is 
complete, a single repolarization vector is formed, 
directed from right to left, a little downwards and back- 
wards (Figure 11.7C). The T loop is therefore situated to 
the left and somewhat downward and backward, oppo- 
site to the slurrings formed by Vectors 3 and 4. 

These alterations in the QRS and T loops are responsi- 
ble for the changes observed in ECG patterns and loops in 
advanced RBBB described below (Figure 11.8). 


In peripheral RBBB 

In peripheral RBBB, right ventricular activation is also 
delayed, but the activation sequence is different because 
the transseptal component is missing. 
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A C 
V 
RVA 
Normal Parietal RBBB 
HV = 35-55 ms V-RVA < 40 ms 
V-RVA = 5-20 ms 


(V-right v. apex.) 


It has been demonstrated (Horowitz et al. 1980) that 
the activation time in the right ventricular apex, the area 
where right ventricular depolarization commences, is 
normal or almost normal when the block results from a 
lesion of the moderator band or Purkinje network. This is 
the key to distinguishing between proximal and periph- 
eral RBBB (Figure 11.9). 

The impulse in peripheral RBBB is detained at the periph- 
eral level, and there is no transseptal activation of the right 
ventricle, as in the case of proximal RBBB, but it represents 
the same delay of activation of this ventricle. This explains 
why the ECG pattern is similar to that of proximal RBBB. 

In Ebstein’s disease (Figure 11.10), activation is delayed 
in the atrialized zone of the right ventricle (Bialostosky 
et al. 1972). 

Epicardial mapping of patients with arrhythmogenic 
right ventricular dysplasia has shown that right activation 
delay is caused by a peripheral block (Fontaine et al. 1987) 
(Figure 11.11). 


Proximal RBBB 
V-RVA > 40 ms 


Figure 11.9 (A) Normal HV and V-right ventricular 
apex (RVA). (B) In peripheral right ventricular block 
(parietal RBBB), the V-RVA interval is normal, or in 
any case with a delay, less than 40 ms. (C) If the rsR’ 
morphology is caused by proximal RBBB, the V-RVA 
interval will be greater than 40ms. 


Vs 


Figure 11.10 ECG of a 6-year-old 
girl with Ebstein’s disease. 
Observe the high P wave, the 
rsr’s’ morphology from V1 to V3 
and the prominent ‘q’ in III 

and VF. 


There are also frequent RBBBs of peripheral origin after 
certain types of surgery for congenital heart diseases 
(Fallot’s tetralogy) (Figure 11.12). 

A delay of conduction in the basal part of RV related to 
RV dilation, may explain the presence of final wide R in 
VR in cases of patients with heart failure and LBBB more 
than an associated partial true RBBB (see Figure 11.30) 
(Van Bommel et al. 2011). 


ECG changes (Figures 11.8, 11.10-11.12) 


QRS duration 

In a proximal block due to the transseptal activation of 
the right ventricle described above, the duration of the 
ORS complex is longer than normal, 0.12s or more. In a 
peripheral block, it is =0.12s, often 20.14s, and even 
20.16s, particularly when right ventricular enlargement 
coexists. 


Figure 11.11 Typical ECG pattern of 
a patient with arrhythmogenic right 
ventricular cardiomyopathy. Note the atypical 
RBBB, premature ventricular complexes (PVC) 
from the right ventricle and negative T wave 
in V1-V4. We can also see how QRS duration 
is clearly longer in V1-V2 than in V6. The 
patient showed very positive late potentials 
(right). Below: a typical echocardiographic 
pattern showing the distortion of the right 
ventricular contraction (arrow). 


Figure 11.12 (A) Preoperative 
ECG in an 8-year-old with Fallot’s 
tetralogy. Observe the rsR’ 
morphology in V1 with QRS 
<0.12s and right deviated AORS. 
(B) Postoperatory ECG. Advanced 
RBBB morphology (rsR’ in V1, 
QRS >0.12s), with no changes in 
AORS, is observed. The ORS 


morphology, however, does not 
help to determine the proximal 

or peripheral origin of the block 
(see text). 


AQRS in the frontal plane 

In a proximal block, the axis is not usually deviated with 
respect to its anterior direction, except for terminal 
slurrings directed upward and to the right (see Figures 11.4 
and 11.5). Extreme deviation to the left or right is observed 
in bifascicular block (advanced RBBB + superoanterior 
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hemiblock (left deviation) or inferoposterior hemiblock 
(right deviation) (see later). 

The association of RBBB with right ventricular enlarge- 
ment produces a right-deviated AQRS that has to be dif- 
ferentiated from advanced RBBB with inferoposterior 
hemiblock. Aside from the clinical manifestations, the 
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Table 11.2 ECG features of advanced proximal RBBB 


e ORS 20.12s 

e V1 rsR’ with slurring in R’ 
e V6 qRs with slurring in S 
e VR gRs with slurring in R 


following suggests advanced RBBB with right ventricular 
enlargement: (i) ECG signs of right atrial enlargement and 
(ii) a shallow Q in II, III, and VF (see Chapter 10). 

In a peripheral block, if right ventricular enlargement 
coexists, the axis is also usually deviated to the right (see 
Figures 11.10-11.12). In the post-operative RBBB that 
occurs after surgery for congenital heart disease, an AQRS 
hyperdeviated to the left practically ensures the proximal 
origin of the block (Sung et al. 1976). 


ECG diagnostic criteria (Table 11.2) 

Proximal block (Figure 11.8) 

e ORS complex in the frontal plane. The delayed final 
forces directed upward and to the right (Vectors 3 and 4) 
produce the following constant alterations in I, VL, and 
VR: wide “S” in I and VL and terminal wide “R” in VR. In 
the other leads, the morphology is more variable and is 
affected by the orientation and magnitude of the slurred 
forces. In an intermediate-positioned heart, S is slurred in 
II and VF and the final forces are isodiphasic or slightly 
positive in IMI. 

e ORS complex in the horizontal plane. The initial 
loop forces are deviated slightly forward and the final 
forces are directed forward and to the right, generating 
the typical rsR’ morphology in V1, with a negative 
asymmetric T in V1 and V2 (r = Vector 1, s = Vector 2, 
R” = Vectors 3+4). V5 and V6 have a qRs morphology 
with a wide “s” (q = Vector 1, R = Vector 2, s = Vectors 
3+4). In V3-V4 intermediate leads, we find variable 
morphologies, most of which are the type shown in 
Figure 11.5. 

e ST segment and T wave. As mentioned above, the T 
wave moves in the direction opposite to the slurrings and 
therefore is negative in V1, V2, and VR, and positive in I, 
VL, V5, and V6. In the intermediate precordial leads, the 
T wave varies, although it is more often positive or flat 
than negative (see Figure 11.5). The ST segment is slightly 
depressed in V1-V2 and iso-electric in the rest of the 
leads. 


Peripheral block 

e In general, the ECG morphologies of global advanced 
peripheral RBBB are indistinguishable from those of prox- 
imal RBBB. However, in some situations (such as Ebstein’s 
disease), a peculiar rsr’s’ morphology can be seen in V1- 
V2, with final slurrings (see Figure 11.10) that are different 
from those of classic RBBB. An atypical RBBB pattern may 


also be seen in arrhythmogenic right ventricular dyspla- 
sia (see Figure 11.11). 


Association with other processes (Figure 11.13) 


Diagnosis of associated right ventricular enlargement 
The following criteria can suggest right ventricular 
enlargement (RVE) (see also Chapter 10): 

e A gR morphology in V1 in the absence of septal 
infarction. This morphology (Chapter 9) is very suggestive 
of right atrial enlargement, which is often associated 
with RVE. 

e A rsR’ morphology extended beyond V2. This is 
especially seen in cases of right ventricular dilation (i.e. 
atrial septal defect). 

e Ahigh-voltage R’. As R’ increases in height, so does the 
likelihood of associated RVE. However, there are instances 
of tall R’ without RVE, and vice versa. 

e Asolitary Rin V1 with QRS 20.12s. This results from the 
anterior orientation of the whole loop. This solitary R can 
be low-voltage in emphysematous subjects (Figure 11.13A). 
It is frequently attended by the absence of “q” in V6. 

e An “rS” morphology in lead I and “qR” in lead III. In this 
case, the possibility of inferoposterior division hemiblock 
in addition to advanced RBBB must be considered. 


Diagnosis of associated left ventricular 

enlargement (Figure 11.13B) 

In an echocardiographic correlation study (Vanderburg 
et al. 1985), the most sensitive and specific criteria for 
diagnosing left ventricular enlargement in the presence of 
advanced RBBB were described. They are: 

Tall R in V6 >20mm. 

Deep S in V1, and 

qR in lead I and rS in lead III. 


Biventricular enlargement 

Biventricular enlargement may be diagnosed when in the 
presence of ECG criteria of RBBB, we see a tall R’ in V1 and 
V2 and sometimes V3-V4 with a qRs morphology in 
V5-V6 with high R voltage. (>20mm) (see Figure 11.13C). 


Ischemic heart disease 

The association of RBBB with chronic Q wave myocardial 
infarction and also the ECG changes in this pattern due to 
acute ischemia are described extensively in Chapter 13. 


Pre-excitation 
This association is infrequent and the diagnosis difficult. 
We briefly discuss it in Chapter 12. 


Differential diagnosis 

The differential diagnosis of all ECG patterns with 
dominant R morphology in V1 or rSr’ is described in 
Chapter 10 (see Table 10.3). 


Figure 11.13 (A) Both the frontal 
plane and the horizontal plane are 
typical of advanced RBBB with right 
ventricular enlargement in an elderly 
patient with chronic obstructive 
pulmonary disease (COPD). In this 
case, it is common to see solitary R in 
V1-V3 and RS in V4-V6 (see text). 
(B) ECG of an elderly patient with 
arterial hypertension. The AQRS and 
the morphology and voltage of QRS 
in the precordial leads suggest left 
ventricular enlargement associated 
with RBBB. (C) A 70-year-old patient 
with COPD and severe arterial 
hypertension with a typical morphol- 
ogy of biventricular enlargement in 
the presence of advanced RBBB 

(see text). 


Clinical implications 

Advanced RBBB morphology appears in 0.3-0.4% of the 
normal population (Barret et al. 1981). If heart disease is 
present, the prognosis will be determined by the type 
of associated disease. In isolated advanced RBBB, the 
prognosis is good (Rotman and Frietwaser 1975) with 
no tendency to develop complete atrioventricular (AV) 
block or elevated incidence of coronary heart disease. 
Some epidemiological studies (Schneider et al. 1980) 
indicate that the mortality in patients with advanced 
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RBBB initiated in adulthood is greater than that of a con- 
trol population group. However, when Kulbertus et al. 
(1980) studied a series of patients with virtually no heart 
disease, the prognosis was not worse than that of a 
control group. 

Patients with proximal RBBB secondary to surgery for 
Fallot’s tetralogy are more likely to develop AV block 
(Horowitz et al. 1980). It has been demonstrated (Sung 
1979) that the advanced RBBB that appears after correc- 
tive surgery for Fallot’s Tetralogy is usually peripheral 
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(normal V-RVA time) when it presents alone, and gener- 
ally proximal (lengthened V-RVA) when associated with 
superoanterior hemiblock. Most of the chronic advanced 
RBBBs unrelated to cardiac surgery have been considered 
proximal. However, other authors (Dancy 1982) consider 
that peripheral advanced RBBB is also common. 

Peripheral block appearing in adulthood has a poor 
prognosis that is related to a greater number of clinical 
complications/syncope and presyncope (Dancy et al. 
1982). The appearance of wide final R in VR in patients 
with LBBB and heart failure suggest associated delay of 
basal part of the right ventricle (Van Bommel et al. 2011). 

Thirty per cent of cases of advanced RBBB with normal 
PR have a lengthened HV interval (Narula 1979). If HV 
>100ms, especially in the presence of symptoms (syn- 
cope), pacemaker implantation is indicated. 

In the presence of advanced RBBB morphology, meas- 
urement of the HV interval and V-RV apex (distance from 
the onset of ventricular activation on the left side to the 
arrival of the impulse at the apex of the right ventricle) 
helps to locate the blockade site (see Figure 11.9). The 
block is truncal when HV is normal and the V-RVA is 
lengthened. It is peripheral when both HV and RVA are 
normal. However, in practice we usually do not perform 
that, because as we have said the prognosis is related to 
associated disease. 

An advanced RBBB pattern which appears during pul- 
monary embolism usually indicates that the pulmonary 
embolism is massive (see Figure 10.16). 

In patients with acute infarction, RBBB usually occurs 
in cases of anterior infarction due to occlusion of proximal 


LAD because the right bundle is perfused by the first sep- 
tal branch. Thus, it is accompanied by prolonged V-RVA 
(Mayorga-Costes et al. 1979). 


First-degree (partial) right bundle branch 
block (Figures 11.14 to 11.17) 


Activation 
The location of the block can also be proximal or periph- 
eral. If proximal, the impulse is delayed in the right bun- 
dle branch trunk, or, much less often, through the right 
side of the bundle of His. The delay is less than 0.06s. Two 
consequences ensue: (i) part of the right septum depolar- 
izes transseptally, and (ii) the rest of the right septum and 
right ventricle depolarize normally, although late, and are 
the last parts of the heart to depolarize. The longer the 
delay, the more septum is depolarized transseptally and 
the larger the portion of right ventricle to depolarize last 
(Figure 11.14). In the last part of the QRS loop, the slur- 
rings are directed right and forward. The shorter the delay, 
the less marked the slurrings. This is because the transsep- 
tal depolarization vector and the delayed final depolariza- 
tion vector are directed forward, upward, and to the right. 
The duration of the QRS complex is always less than 0.12s. 
If the site of partial RBBB is peripheral, right ventric- 
ular activation is also slowed. A delayed right ventricular 
depolarization that is probably not transseptal presents 
with less delay than in the case of advanced peripheral 
block (see before). The morphology observed in atrial 
septal defect (ASD) and in some cases of cor pulmonale 
(rsR’ with ORS <0.12s) is mixed, partly due to RVE and 


Zone of delayed depolarization 
(when the depolarization of left V. is ended) 


Zone of transeptal depolarization 


Figure 11.14 Diagram of ventricular depolarization in global but partial (first-degree) RBBB of proximal origin, less intense in (A) and 
more intense in (B). In this type of RBBB (see text), one part of the right septum (dotted area) depolarizes transseptally because when the 
impulse reaches the right septum from the left side, the impulse from the right bundle branch has still not arrived. The longer this impulse 
takes to reach the right septum, the larger the portion of it that depolarizes transseptally (B). This delay in the arrival of the impulse to the 
right ventricle means that a proportionate part of the right ventricle depolarizes later than the left ventricle (lined area), originating a final 
ventricular depolarization vector directed upwards and to the front. It must be remembered that under normal circumstances a small 
portion of the right ventricle is the last to depolarize, and it produces a vector directed upward and backward. In partial RBBB, the vector 
is directed upward and a little forward, and it falls at the very least in the positive hemifield of V1 and VR. It is also somewhat delayed. 
Therefore, an rSr’ or rsR’ morphology in V1 and a final r’ in VR that is wider than normal but with QRS <0.12s is produced. 


partly due to the accompanying global non-advanced 
probably peripheral RBBB (De Micheli et al. 1983). 

Ventricular repolarization is less opposed to QRS in 
proportion to the lesser degree of delayed right ventricu- 
lar depolarization seen. 


ECG changes 

The loop—hemifield correlation accounts for the morphol- 
ogies seen in either proximal or peripheral partial RBBB 
(Figures 11.15 and 11.16): I and V6 (narrow S), VR (final R) 


Figure 11.15 Three examples of 
first-degree RBBB morphology 
(ORS <0.12s) with different degrees 
of r’. (A and B) Two patients with HII 
no evident heart disease. (C) 
Postoperative ECG of a patient with 
Fallot’s tetralogy. In the preoperative 
ECG there was no rsR’ in V1. In this 
case, the morphology is mixed 
(partial RBBB + RVE) (see text). 
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and V1 (rsr’) with greater r’ height in proportion with the 
degree of delay, resulting in more septum depolarizing 
abnormally and more free right ventricular wall depolar- 
izing late, but always with a ORS narrower than 0.12s. 
The induction of progressive RBBB morphologies 
(Figures 11.6 and 11.16) (Peñaloza et al. 1961; Piccolo 1981) 
demonstrates that before the r’ morphology appears in 
V1,a globally more anterior QRS loop without final forces 
directed to the right and forward is usually seen in the 
horizontal plane (counterclockwise rotation). In this case, 
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the QRS complex in V1 progresses from rS to Rs with slurring 
or RS, and finally to rsr’. As a result, partial RBBB can exist 
without r’ in V1 (Figures 11.6 and 11.16). To avoid overdiag- 
nosing partial RBBB, we continue to use r’ morphology in 
V1 as a diagnostic criterion (see block of middle fibers). 


Differential diagnosis and clinical implications 

Generally speaking, the rsR’ morphology with QRS 
<0.12s results more from RVE with some degree of RBBB 
than from isolated partial RBBB. It is often a more severe 


Normal 


(First grade) RBBB 


(Third grade) RBBB 


Figure 11.16 VR, V1, and V6 morphologies in a normal case and 
in third- and first-degree RBBB. Note that in partial (first grade) 
RBBB three ECG patterns corresponding to three consecutives 
bigger grades of first degree RBBB may be seen (see Figure 11.6). 
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Figure 11.17 A very lean 15-year-old patient without heart disease. 
The rSr’ morphology is due to a misplaced V1 electrode in the 
second right intercostal space (see negative P wave) and disappears 
when the electrode is properly positioned (fourth right intercostal 


space) (see text). 


disorder due to associated RVE (chronic obstructive pul- 
monary disease (COPD) or other) with a worse progno- 
sis than the pattern of isolated RBBB with QRS 20.12s 
morphology. 

The rSr’ morphology may also be due to a misplaced 
V1 electrode (Figure 11.17), thoracic malformation (pectus 
excavatum) or sport. In these cases it has no clinical signifi- 
cance. However, this ECG pattern has to be differentiated 
from the ECG pattern with r’ in V1 corresponding to type 
II Brugada pattern. In Chapters 7 and 22 we describe the 
differential ECG patterns between pectus excavatum, ath- 
letes, and type II Brugada pattern (see Figure 7.16). Other 
explanations for prominent R or rSr’ in V1 are shown in 
Table 10.3. 


Second-degree right bundle branch block 
(Figure 11.18) 

This type of block usually located in the proximal right 
bundle branch trunk is responsible for the intermittent 
appearance of advanced or partial RBBB morphology 
(Figure 11.14). This relatively infrequent phenomenon 
can appear without changes in heart rate or without 
being conditioned by variations in heart rate (phase 3 
achycardiadependent block and phase 4 bradycardia- 
dependent block) (see Chapter 14). Its presentation can be 
either sudden (Mobitz type II block: abrupt appearance of 
advanced or partial RBBB morphology) or progressive 
(Mobitz type I block, a Wenckebach-type that is much 
more rare). In the latter, the RBBB pattern progressively 
appears in successive complexes of advanced degree. 
Second-degree block corresponds to a type of ventricular 
aberrancy (see Chapter 14). 


Zonal or divisional right ventricular blocks 

The number of peripheral divisions of the right bundle is 
not well defined. From an anatomic point of view it may 
be considered that there are three divisions (Uhley and 
Rivkin 1961). However, electrophysiologically only two 
divisions are usually considered (Marquez-Montes 1975; 
Medrano and De Micheli 1975; Bayés de Luna et al. 1982). 
Experimentally blocks of the anterosuperior subpulmo- 
nary or inferoposterior Purkinje network of the right 
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Figure 11.18 V1. Continuous recording. A 55-year-old patient with first-degree RBBB morphology (the first four complexes) who abruptly 
presented with advanced RBBB morphology (third-degree) for four complexes, with minimal changes in the RR interval. After four 
first-degree RBBB complexes, there were five advanced RBBB complexes. This is an example of second-degree RBBB (some impulses are 
completely blocked in the right bundle branch), although it stems from a first-degree RBBB morphology. 


ventricle (divisional or zonal blocks) produce, respec- 
tively, SI, SII, SII, and SI, RII, RIll-type morphologies 
without conspicuous r’ in V1 (Figure 11.19). The SI, SIL, 
SIII morphology appears more frequently than the SI, 
RIL, RII. 

With spatial velocity ECG techniques (Hellerstein and 
Hamlin 1960; Bayés de Luna et al. 1982, 1987), we have 
demonstrated in humans that SI, SII, SII and also the SI, 
RI, RII morphologies may reflect a right conduction 
delay, associated with RVE in patients with COPD, and 
also in healthy people. In the latter the conduction delay 
probably expresses a decreased number or abnormal 
distribution of Purkinje fibers (Figures 11.19 and 11.20). 

On rare occasions these patterns, especially SI, SII, SII, 
appear transiently in the case of pulmonary embolism or 
after the administration of some drugs (Goldwasser et al. 
2012). 


ECG diagnostic criteria (Figures 11.19 and 11.20) 

In view of these facts, we suggest the following diagnostic 
criteria for these two types of zonal block: 

e Superoanterior zonal block (SAZB) (Bayés de Luna 
et al. 1982): (i) SL, SIL, SII morphology with SII = SII; (ii) if 
there is no SI, the RI is of low voltage; (iii) V1 = rS or rSr’; 
(iv) V6 = S wave. 
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e Inferoposterior zonal block (IPZB): The diagnostic 
criteria are: (i) S (I) R (II) R (II) morphology; (ii) rS, RS, 
or rSr’ morphology in V1; (iii) V6 with a very evident 
S wave. 

We have already commented that in rare cases these 
ECG patterns may occur transiently, which confirms 
that the correspond to a conduction delay (block) due 
to various causes (dilation of right ventricle, effect of 
drugs). 


Differential diagnosis 
Both blocks must be differentiated from other processes 
that can produce similar morphologies. 


Superoanterior zonal block (SAZB) 

The differential diagnosis should be made with the 
following: 

e Normal variant. The SI, SII, SII morphology is often 
seen in healthy subjects. We hypothesize (see above) 
that this pattern in healthy people is caused by an anom- 
aly in the distribution of the Purkinje fibers (fewer and / 
or abnormal distribution of Purkinje fibers in the upper 
right ventricle, resulting in an activation delay but no 
pathological block). The classical explanation of this 
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Figure 11.19 Left: Diagram of the morphologies that appear in anterosuperior (2) and inferoposterior (3) peripheral right ventricular zonal 
block. In the normally specialized conduction system (SCS) with right and left bundle branch divisions, the right bundle branch produces a 
resultant depolarization vector (A) oriented to the left and a little downwards (1). If the right anterosuperior zone of right bundle is blocked 
(2), a final depolarization vector (B) directed toward the blocked zone is produced, which explains the SI, SIT, SII morphology. If the 
inferoposterior zone is blocked (3), a final depolarization vector (C) directed toward the blocked zone is produced, which accounts for the 
SI, RI, RII morphology usually seen in this type of block. Right: An ECG-VCG example of right ventricle anterosuperior peripheral block. 
As indicated in the text, the same morphology can be seen in right ventricular enlargement and as a normal variant. 
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Figure 11.20 (A) Diagram of the normal spatial 
velocity ECG. (B-E) Examples of spatial velocity 
ECGs in an individual with a normal ECG (B), in 
a normal SI, SII, SIII-type patient (C), in a patient 
with COPD (D), and SI, SII, SII, and in another 
patient with COPD and SI, RII, RII (E). In the 
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pattern in the normal population was a special rotation 
of the heart (Cabrera’s back oriented apex) (Bayés de 
Luna et al. 1982) [see Chapter 7 (rotation on the 
transversal axis)]. 

e Left superoanterior hemiblock (LSAH). Here, the SII, 
SII morphology has SII < SIT, with SI usually absent (see 
Figure 11.21). 

e Right ventricular enlargement (RVE). The morphology 
is the same as in normal variant and SAZB. In reality, 
many patients with right heart disease and SI, SII, SII 
morphology also have RVE. We have demonstrated that 
in patients with SI, SII, SHI, and COPD, both processes 
(RVE and SAZB) are present (see Figure 11.19). The 
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three last cases, the increase in the duration of 
ORS-E and ORS-F time parameters in relation to 
<—r-#| the control group was statistically significant. This 
confirms that SI, SIL, SHI pattern of any type and 
SI, RIL, RII pattern in patients with COPD present 
some zonal delay of conduction in the right 
ventricle (see text). 


Figure 11.21 Comparison between 
a typical S, S, S, morphology 
(normal variant, right ventricular 
enlargement, right peripheral 
block) and superoanterior 
hemiblock (SAH) morphology. 

In the SI, SII, SII morphology, S, 
is present and S, > S, in contrast 
to SAH (see text). 


presence of a P wave of RAE favors the presence of RVE. 
Definitively the clinical setting and echocardiography 
may assure the diagnosis. 

e Brugada syndrome (BS). According to the neural crest 
theory (Elizari et al. 2007), in BS there is an activation 
delay of the right ventricle outflow tract (RVOT), and this 
explains the frequent SI SII SII pattern that may be seen 
in this syndrome (=40% cases) (see Chapter 21). 


Inferoposterior zonal block (IPZB) 

Differential diagnosis must be made with: 

e Normal variant. The SI, RI, RII morphology, with or 
without r’ in V1, is found in normal subjects with pectus 


excavatus or extremely vertical heart, and sometimes in 
normal individuals without these characteristics who 
probably present with some anomalies in the Purkinje 
network distribution (fewer Purkinje fibers than normal 
in the inferoposterior zone of the right ventricle). 

e Left inferoposterior hemiblock (LIPH). This diagno- 
sis requires the exclusion of very lean individuals, RVE 
and any evidence that some pathology of left ventricle 
exists. 

e Right ventricular enlargement. In most patients with 
right heart disease and SI, RII, RIII morphology there is 
concomitant RVE (Bayés de Luna 1981) (Figure 11.19). The 
electrocardiographic tracing alone does not show whether 
the morphology is caused by IPZB or RVE, or both. The 
clinical setting, the P wave morphology and echocardio- 
graphy may assure the diagnosis. 


Clinical implications 

The importance of performing a tentative diagnosis of 
zonal or divisional right ventricular block is scarce. 
However, it has to be considered that both patterns—SI, 
SIL, SIII and SI, RII, RIII—may be seen both in normal peo- 
ple or as an expression of RVE or abnormal activation as 
in Brugada syndrome. It is this differential diagnosis what 
we need to perform when we are faced with a patient 
with such ECG patterns. It is also important to perform 
the differential diagnosis with superoanterior and infero- 
posterior hemiblock (see figure 11.21 and later). 


Left bundle branch block 
(Tables 11.3 and 11.4) 


This block produces a somewhat marked global delay in 
left ventricular activation. Like RBBB, the morphology 
depends more on the degree of block than on its location 
(proximal or peripheral). Classically, it was considered 
that third-degree (or advanced) LBBB occurred when the 
ORS 20.12s with slurring in the plateau of the R wave; 
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first-degree LBBB when the QRS <0.12s with solitary R in 
V6; and second-degree LBBB when the pattern is inter- 
mittent. However, these values may be currently a little 
different (Strauss et al. 2011) (see later) (see Table 11.4). 
Later we will explain zonal or divisional left ventricular 
blocks, which include hemiblocks and the controversial 
block of the middle fibers. 


Third-degree (advanced) LBBB 

This can be produced by proximal block of the trunk or, 
rarely, the left hisian area, or peripheral block (Table 11.2). 
Peripheral block is caused by involvement of the entire 
left Purkinje network and produces ECG morphologies 
similar to those of proximal blocks, with some increase in 
the slurrings and usually a wider ORS (see later). Distal or 
proximal blocks of the two divisions of the left bundle can 
also produce a third-degree LBBB pattern, although they 
really are a type of bifascicular block (see Figure 11.3). 
However, the activation wave in this case could hypo- 
thetically reach the left ventricle via the middle fibers 
(Medrano et al. 1970). 


Activation (Figures 11.22-11.24) (Wilson 1941; Grant 
and Dodge 1956; Sodi et al. 1964; Strauss et al. 2011) 


Advanced LBBB of proximal origin 

This is the most frequent LBBB. The depolarization pro- 
cess starts with the impulse descending through the right 
bundle branch normally, but not descending though the 
left bundle branch, or descending with a delay of 0.06s or 
more. This delay lasts long enough for the whole septum 
to be depolarized transseptally from the right ventricle 
(Figures 11.22 and 11.23). This produces a prolongation of 
HV and QRS (Cannom et al. 1980). 

The QRS loop undergoes alterations as a consequence 
of the change in cardiac depolarization from the onset 
of QRS occasioned by advanced LBBB. Activation 
commences at the base of the anterior papillary muscle 
of the right ventricle, then transseptally depolarizes the 


Table 11.3 Left bundle branch block (delayed left ventricular activation) 


The conduction delay zone can be situated at different levels of the His- 
Purkinje system (see text). The classical form is in the trunk of the left bundle 
Global e The ECG morphology depends especially on the grade of the block, not on 
its location (see VR1, V1, and V6). Some types of peripheral block present 
slightly different ECG characteristics (see text): 
Third-degree (advanced)—corresponds to type III of the Mexican School 
First-degree (partial)—corresponds to types | and II of the Mexican School 
Second-degree—corresponds to a special type of ventricular aberration 


Zonal or divisional 


e The block is located in the divisions of the left bundle branch. Superoanterior 


and inferoposterior hemiblocks (Rosenbaum et al. 1967) 
e Possible block of middle fibers (see text) 
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Figure 11.22 Left: QRS vectors and 
loops in advanced LBBB (third-degree). 
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septum anteriorly to posteriorly before depolarizing the 
free left ventricular wall (Figure 11.22). This type of depo- 
larization is completely abnormal, with a slow impulse 
conduction, and produces slurring of the QRS loop and 
QRS complex, especially in the middle part of QRS 
(median slurrings). Projection of this loop on the frontal 
and horizontal planes accounts for the different lead mor- 
phologies according to the loop-hemifield correlation 
theory (Figure 11.22). 

Projection of the loop in the horizontal plane shows 
the most important changes for the diagnosis of advanced 
LBBB. The loop is first directed to the left and forward, 
followed by a backwards counterclockwise rotation and 
finally a forward clockwise rotation (Figure 11.22). In the 
frontal plane, the loop is directed mainly to the left from 


Right: projection of the four vectors on 
the two planes with formation of the 
respective loops and ECG morpholo- 
gies most often seen in clinical practise 
(see text). 
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Figure 11.23 Diagram of formation of 
dipole and the depolarization and 
repolarization vector in advanced LBBB. 


the beginning with middle slurrings, but its orientation 
in this plane presents little modification with respect to 
the previous orientation. 

Like RBBB, advanced LBBB depolarization can be visu- 
alized as being represented by four vectors in order to 
understand these changes (Sodi et al. 1964) (Figure 11.22). 
Vector 1 is directed forward and to the left; Vectors 2 and 
3 represent the transseptal depolarization forces and are 
oriented from right to left and forward to backward, with 
Vector 3 being less posterior; Vector 4 is oriented in a 
similar way to 2 and 3, but it is even less posterior and 
represents the depolarization of part of the upper septum 
and the free left ventricular wall. 

The results of left ventricular activation with endo- 
cardial mapping in the case of LBBB (Vassallo et al. 1984; 


A Normal conduction 


Electrical Activation Time (msec) 


Lead V3 


Figure 11.24 (A) Normal activation of left ventricle starts 
almost simultaneously at right and left side of the septum. 

(B) In the case of LBBB the activation front spreads from right 
to left side through the septum. Each change of gray line 
represents successive 10ms. (C and D) See the aspect of 

ORS pattern in horizontal plane and frontal plane (see text). 
(Reproduced with permission from Strauss DG, Selvester RH, 
Wagner GS (2011). 


Auricchio et al. 2004) and with computer simulation of 
LBBB (Strauss and Selvester 2009; Strauss et al. 2011) 
shows that the presence of mid-QRS notches with slur- 
ring in between are the result of abnormal activation of 
the left ventricle. The first notch occurs when the 
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transseptal activation reaches the endocardium of the left 
ventricle (at 50ms) and the second when the activation 
front reach the epicardium of the lateral wall (at 90 ms). 
All this process lasts 2130 ms. Figure 11.24 shows how this 
process occurs. 

The repolarization process is directed from left to right, 
as the result of a mechanism similar to that of advanced 
RBBB (see before) with the T loop and ST vector opposite 
in direction to ORS (Figure 11.23). This explains why the 
polarity of the T loop and T wave is opposite in direction 
to the slurrings. This also explains why the ST segment is 
slightly depressed in the leads with negative T, and some- 
what elevated in leads with positive T. 

These variations in the QRS and T loops account for 
the changes in ECG and VCG morphology observed in 
advanced LBBB discussed below (Figures 11.25, 11.26, 
and 11.27). 


Advanced LBBB of peripheral origin 

The delay of conduction (depolarization) occurs in the 
distal part of the divisions or at the level of the Purkinje 
network. There are often greater or lesser degrees of 
block at proximal levels of the left ventricle. Therefore, 
the global left ventricular activation is delayed. The pos- 
sibility that left ventricular activation may be done by 
the middle fibers, despite diffuse lesions distal to the 
two divisions of the left bundle branch, is very small 
(Medrano et al. 1970) (see before). In any case, the impor- 
tant delay of left ventricular activation explains how a 
great part of the left ventricle depolarizes from right to 
left through the Purkinje network of the right ventricle, 
and lower septum in a way similar to proximal LBBB, but 
at distal level. 


ECG changes (Figures 11.22, 11.23, 11.25-11.28) 


QRS duration 

In proximal block, the duration of the QRS complex is 
longer than normal, because of the change in ventricular 
activation described above (transseptal depolarization of 
the left ventricle). It is probably longer (Strauss 2011) than 
classically accepted (2120ms) (Table 11.4). In peripheral 
block, diffuse involvement of the Purkinje network 
occurs, and usually there is also a degree of proximal 
block. The QRS complex is generally 0.14s or more (Figure 
11.28). If the QRS duration is longer than 0.14s, some 
degree of peripheral blocks or extreme left ventricular 
hypertrophy very probably exists. 


AQRS in the frontal plane 

Normally, the axis is not right-deviated or extremely 
left-deviated, but rather situated between —30° and +60°. 
Experimentally, Ribeiro (1968) demonstrated that in 
peripheral block AQRS can be more deviated to the left or 
even upward. 
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a a a to 
SP Figure 11.25 Advanced LBBB in 
a patient with no apparent heart 
disease. QRS >0.12s. Its morphol- 
HP 


ogy is consistent with those in 
HPa (T loop) HPa (initial vectors) Figure 11.22. 


Figure 11.26 Advanced LBBB in a patient with no apparent heart disease. The T wave is positive in V6 but negative in I and VL. This same 
morphology has persisted without change for 10 years. It corresponds to advanced LBBB without a wide QRS of 120 ms. In the case of 

QRS with this borderline width the normal repolarization of the left ventricular wall may influence the T wave morphology. It must be 
remembered that the positive T wave in the left precordial leads in advanced LBBB with QRS >140 ms obliges us to exclude the possibility 
of coronary heart disease because in this case the abnormal repolarization of the septum dominates the repolarization of the left ventricular 
wall (see text). 


Figure 11.27 ECG of a patient 
with congestive heart failure and 
a morphology of advanced LBBB 
with right deviated ÂQRS, low 
voltage in FP and QS pattern 

till V4. 


Figure 11.28 Patient with 
hyperkalemia (K = 7.5mEq/1) 
and LBBB pattern with QRS of 
0.16s, slurrings in all QRS and 
left deviated axis. A diffuse and 
peripheric left intraventricular 
block exist more important in 
SA division. 
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Figure 11.29 (A) Diagram of how the association of a delay 
activation more important in SA than in IP division can shift 

the AQRS up and leftward in presence of peripheral advanced 
LBBB. Note that the global LV depolarization is directed upward 
(see Figure 11.28). (B) The same upwards direction is seen if a 
superoanterior hemiblock is associated to proximal LBBB. LB: 
left bundle; RB: right bundle; SAD: superoanterior division; 

IPD; inferoposterior division. 


- Extreme left axis deviation (morphology of third- 
degree LBBB, with rS or QS in II, III and VF) suggests the 
following possibilities: 

e Advanced LBBB with inferior infarction (QS pattern in 
IL, M and VF). 

e Associated SAH: the superoanterior zone depolarizes 
later than the inferoposterior zone (Figures 11.29B, 11.30 
and 11.32) (Moreu 1985). 

e Advanced peripheric LBBB with more delay activation 
in SA division (Figures 11.28, 11.29A). 

e Similar morphologies can also be seen in some types 
of classical and atypical pre-excitation (Bayés de Luna 
2011) and with pacemakers implanted in the right 
ventricle. 

An ECG pattern of advanced LBBB with left axis devia- 
tion is often seen in patients with dilated cardiomyopathy. 
Right axis deviation, which usually does not exceed +90°, 
generates an atypical advanced LBBB morphology which 
can be attributed to: 
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Table 11.4 ECG features of advanced left branch bundle block 


e ORS 2120 ms. Recent studies suggest >130ms per women and 
140 ms for men (Strauss et al. 2011) 

e V1 QS or rS with tiny r. Positive asymmetric T wave 

e V6 R exclusive with usually negative asymmetric T wave 

e In all the leads, the ST is opposed to the polarity of ORS and is 
quickly followed by asymmetric T wave 

e Presence of mid-ORS notching or slurring in 22 of leads V1, V2, V5, 
V6, |, and VL 


e Extreme verticalization of the heart; 

e Acute right ventricular overload; 

e Right ventricular enlargement, generally associated 
with signs of congestive heart failure, in which case the 
change in precordial leads to an R pattern occurs very late 
(=V5) (see Figures 11.27 and 11.31); 

e Occasionally, left ventricular free wall infarction. 

In all these cases, the inferoposterior zone depolarizes 
later than the superoanterior zone. 

Sometimes, the AQRS has a SI, SII, SIII morphology. 
This occurs more often in peripheral blocks, usually in 
cases of heart failure and often with low voltage in frontal 
plane leads (Figure 11.31). 


ECG diagnostic criteria 


Proximal block 

The most important ECG diagnostic criteria are listed in 
Table 11.4. 

e ORS complex (Table 11.4): Duration was classically 
considered to be 2120ms. However, if we define LBBB 
duration in the era of resynchronization therapy, it is 
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probably 2130ms for women and 2140ms for men 
(Strauss et al. 2011) (see Clinical implications). 

With regard to morphology in the frontal plane: 

e Leads I and VL: The onset of the loop to the left and the 
presence of mid QRS-notching or slurrings, in the middle 
part of the loop, due to slowing of the inscription of 
Vectors 2 and 3 justify the absence of “q” in the QRS com- 
plex in I and VL. The morphology of QRS when the AQRS 
is not strongly deviated to the right is a solitary R with 
notching or slurring of the R plateau. If there are initial 
slurrings, the differential diagnosis with Wolff—Parkinson— 
White (WPW)-type pre-excitation may be difficult to 
achieve, especially if the PR interval is relatively short. 
Rarely in lead I, a complex in “M” or even qR with tiny 
“q” is sometimes observed in the absence of myocardial 
infarction. 


y V Figure 11.30 (A) ECG of a patient 
PA KAN with idiopathic dilated cardiomyo- 
| | | pathy with very low ejection 
i y fraction and LBBB. The ECG is 
AN. Mtoe IN similar to B that corresponds to 
an elderly patient with chronic 
obstructive pulmonary disease but 
mif without evident heart failure with 
Y y LBBB at least in the last 20 years. 
The only difference is that in the 
first case there is a QR pattern 
in VR that is explained by late 
activation of right ventricle due 
to its dilation (see text and 
Figure 11.33). 


Figure 11.31 Patient with dilated 
cardiomyopathy and congestive 
heart failure. The QRS in the 
frontal plane is polymorphic 
(rsr’s’) in some leads and of low 
voltage. The P wave is of low 
amplitude in the majority of 
leads. a = amplified. 


e Lead VR: Here, the QRS complex is of the QS type. If a 
terminal R wave is found, a masked associated right ven- 
tricular delay exists due to partial truncal RBBB (Figure 
11.32) or right ventricular dilation if heart failure is 
present (Figures 11.30A). 

e Lead III: The QRS morphology is Rs, rS or even QS. 

e Lead II and VF: The morphology is conditioned by the 
position of the heart, but it is most often RS or Rs. An rS or 
QS-type morphology in these leads is the result of the 
causes already mentioned (left AQRS). 

In patients with congestive heart failure, a ORS of low 
voltage (<20mm, the sum of the voltage of six frontal 
plane leads) is frequently seen (Figures 11.27 and 11.31). 
In the horizontal plane: 

e Lead V1: The ORS morphology is often completely nega- 
tive, with median slurrings (Vectors 2+3). Occasionally, a 
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suggestive of associated right 
ventricular delay (see Figure 
11.30). Also in the second 
intercostal space lead V1 records | 

a QR that has to be considered in . ct 
a patient without heart failure 

probably due to partial truncal 

RBBB. There are also frequent 

premature atrial beats (see text): 

masked block). 


very small initial positivity is seen, a rS morphology with 
avery small “r” due to the influence of the depolarization 
of the free right ventricular wall. The presence of QR in 
VR and evident r’ in V1 located in 2nd ICS suggest asso- 
ciated RV delay (in case of heart failure) (Figure 11.30A) 
or partial truncal RBBB (Figure 11.32). 

e Leads V2 and V3: The morphology is usually rS. On 
occasions (right ventricular dilation, position change of 
electrodes, etc.), a QS or a very small r morphology is 
seen, most often in V2. We have reported (Bayés-Genis 
et al. 2003) that the morphology of S in V3 in patients 
with LBBB due to cardiomyopathy and congestive 
heart failure has a much higher voltage and is without 
notches if the etiology is idiopathic cardiomyopathy 
compared with ischemic cardiomyopathy (Figures 
11.31 and 22.6). 

e Lead V4: The morphology is usually transitional, with 
more or less R (r5, rsr’, RS). In patients with congestive heart 
failure, the change to an R pattern may occur in V5-V6. 

e Leads V5 and V6: There is commonly a solitary R 
morphology with notching/slurring in the plateau 
accompanied by a negative and asymmetric T. We have to 
remember that the ECG pattern of mid-left precordial 
leads may change from one day to another, from R/S to 
a solitary R wave with small changes in the location of 


v1 


eis 


the electrode. Sometimes, more frequently in presence 
of heart failure (dilated cardiomyopathy) but also 
occasionally in isolated LBBB, the RS pattern is seen until 
V6, even in the presence of a left-deviated AQRS 
(Figure 11.30A,B). 

e ST segment and T wave: The T wave and ST segment 
(see above) in advanced LBBB are opposite in direction to 
the middle slurrings, and as such are positive in V1, V2, 
VR and, generally, II, negative in I, V5, V6, and VL, and 
variable in the other leads. 

Nonetheless, in patients without left ventricular 
enlargement ventricular repolarization may present 
with a flat or diphasic -+ type T wave or even slightly 
positive T wave in V6 and/or I, VL (Figure 11.26). This 
happens more often in women. Positive T in leads with 
solitary R wave (V5-6, I) may be seen also in advanced 
LBBB in patients with right septal ischemia (ischemia 
vector moves from the ischemic area on the right and is 
recorded as positive T wave in the other side, V5-V6). 
In patients with important left ventricular enlargement 
and positive T in the ECG in the absence of LBBB, the 
repolarization of the left ventricular wall may pre- 
dominate over that of the septum modified by LBBB 
and the pattern of LBBB may present with a positive 
T wave. 
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Peripheral block 

The ECG morphology of advanced peripheral LBBB is 
similar to that seen in proximal LBBB, but with some 
specific characteristics. The ORS is frequently wider, 
especially in cardiomyopathy, electrolyte imbalances, 
such as hyperkalemia (Figure 11.28), and as an effect 
of drugs. Occasionally, particularly in congestive heart 
failure, the voltage in frontal plane leads is reduced 
(Figure 11.27). Moreover, in peripheral block, slurrings 
are appreciated, not only in the middle part of QRS 
but also at the beginning and/or end, which are the 
result of a diffuse conduction delay of all left ventricular 
conduction systems. The impulse, when transmitted 
from the right to the left side, encounters difficulties, not 
only in transseptal conduction, responsible for the pres- 
ence of middle slurrings in advanced proximal LBBB, but 
also from the onset of depolarization (resulting in initial 
slurrings that can simulate a delta wave and create confu- 
sion with WPW syndrome) and at the end of depolariza- 
tion, reflecting disturbances in the Purkinje network and 
left ventricular wall (parietal block) and producing final 
slurrings. 

The presence of a small “q” wave in V6 in advanced 
LBBB in the absence of necrosis may be explained by 
conduction through the middle fibers, despite the fact 
that the superoanterior and inferoposterior fascicles are 
blocked (Medrano et al. 1970). However, the presence of 
evident “q” wave in I, V5, V6 that may be seen in advanced 
LBBB, is much probably due to the presence of associated 
myocardial infarction (see later). 

The association of LVH plus superoanterior hemiblock 
may produce a similar pattern of complete LBBB with wide 
ORS, but without the typical mid QRS notching. 


Association with other processes 


Right ventricular enlargement (see Chapter 10) 

This may be suggested when: 

e AQRS is right deviated, although there are other 
explanations for this occurrence (see before: Right axis 
deviation); 
e the initial 
necrosis; 

e the transition zone is displaced to the left (V5-V6). 


My 
r 


in V1 is conspicuous in the absence of 


Left ventricular enlargement (see Chapter 10) 
Anatomic correlation studies in autopsies show that 
patients with advanced LBBB have important LVE. 
According to Scott (1973) (see Chapter 10), the sensitivity 
of the ECG criteria for LVE in the presence of global 
advanced LBBB is only slightly smaller than that in cases 
without conduction disturbances. 

Other authors have reached similar conclusions from 
echocardiographic correlation. In fact, Kulka et al. (1985) 
found that using four LVE parameters produced a cumu- 


lative sensitivity of 5% and a specificity of 90%. On the 
other hand, Lopes (1978) and Cokkinos et al. (1978) have 
shown that in intermittent left ventricular block, the 
Sokolow-Lyon index is hardly modified by the appear- 
ance of block because reduction of R in V5-6 is compen- 
sated by the increase voltage of S in V1. In some cases of 
LVE associated with advanced LBBB, a higher than nor- 
mal voltage is observed, and the vertex of the R wave may 
be more peaked because Vector 4 has greater magnitude 
(see Chapter 10). 


Pre-excitation 
This is discussed briefly in Chapter 12. 


Ischemic heart disease 

The associations between LBBB, acute ischemia, and 
chronic Q wave myocardial infarction are described in 
Chapters 13 and 20. 


Differential diagnosis with LBBB-like 

morphology 

When confronted with a possible morphology of partial 
or advanced LBBB, the following alternatives should be 
considered: 

e WPW type I or atypical-type pre-excitation (Bayés de 
Luna 2011) (see Chapter 12; Figures 12.4 and 12.5); 

e left ventricular enlargement, with no “q” in V5, V6, I, 
or VL. In reality, there is probably always a certain degree 
of LBBB in these cases (Piccolo et al. 1979). We should 
remember that the same morphologies seen in partial 
LBBB the absence of “q” in I, VL, V5-V6, with no “S” in 
these leads may appear in the presence of septal fibrosis 
(see Chapter 10; Bayés de Luna et al. 1983). 


Clinical implications 

Advanced LBBB is found in 0.1% of the normal popula- 
tion (Barret et al. 1981). Its prognosis depends on whether 
there is any associated heart disease. In the Framingham 
study (Schneider et al. 1985), it was shown that subjects 
with recently diagnosed advanced LBBB who were fol- 
lowed for 18 years had more heart diseases than normal 
controls. The ECG signs most often associated with poor 
prognosis and organic heart disease are: (i) interatrial con- 
duction delay, (ii) AQRS leftwards beyond 0°, (iii) nega- 
tive T wave in V6, and (iv) abnormal ECG in the absence 
of LBBB. Advanced LBBB coexists more often with 
ischemic heart disease than advanced RBBB plus super- 
oanterior hemiblock and therefore it should be consid- 
ered to have a worse prognosis: 10 years after the 
appearance of LBBB, 50% of the subjects will have died of 
heart disease. 

Between 60 and 90% of the individuals with advanced 
LBBB have a prolonged HV interval and often present 
with other abnormalities in the sinoatrial node or the 
His-Purkinje system (Narula 1979; Alboni 1981). The 


HV interval is lengthened because initiation of ventricu- 
laractivation is slowed, the V-RVA distance is equal to 
zero because ventricular depolarization commences in 
the area of the right ventricular apex, and QRS 2 0.12s 
because of abnormal transseptal activation of the left ven- 
tricle (Figure 11.28). 

During exercise testing, angina may appear coinciding 
with the appearance of LBBB. In few occasions (Candell 
et al. 2002) the presence of intermittent LBBB with or 
without exercise, produces chest pain coinciding with the 
first LBBB complex. The pain ends suddenly when LBBB 
disappears. The coronariography is often normal and the 
cause of pain is unknown. 

Advanced LBBB with an extremely left-deviated AQRS 
(Dihingra et al. 1978) is more common in the elderly, in 
patients with ischemia or cardiomyopathy and in patients 
with congestive heart failure. 

The incidence of mortality and evolution to AV block is 
in these cases higher. In 2 years of follow-up, 3 out of 50 
cases (6%) with advanced LBBB plus extremely left- 
deviated AQRS presented with complete AV block, 
whereas this did not occur in any of the 50 cases with 
LBBB and normal AQRS. 

Other authors (Moreu 1985) have found differences in 
the ejection fraction between cases with normal AQRS 
and cases with left axis deviation. 

In cases of advanced heart failure, final R in VR is fre- 
quently seen. In fact it has been shown (Van Bommel 
et al. 2011) that combining two or three of the following 
ECG criteria (wide R in VR; low voltage (<0.6mV) in 
each of all frontal plane leads, and R/S <1 in V5) allow 
for accurate detection of right ventricular dilation in 
patients with heart failure and LBBB (Figure 11.30A). 
The QR in VR is more due to delay of stimuli in the basal 
part of the right ventricle than to partial associated 
typical RBBB, as happen in the absence of heart failure 
(Figure 11.32). 

After catheter aortic valve implantation (TAVI), 
LBBB pattern appears in 40% of cases and it is the strong- 
est predictor of mortality in the follow-up (Van Garsse 
2009). 

The patients with advanced LBBB had a higher mor- 
tality from heart disease (3.2% yearly) in comparison with 
the control group, although the difference was not 
statistically significant (Kulbertus et al. 1980). Also Rabkin 
(1980) found that in the first 5 years after the onset of 
advanced LBBB, the incidence of sudden death is greater 
than in the control group without advanced LBBB. 

We have already commented on other clinical implica- 
tions that arise from the ECG pattern found, such as the 
association between LBBB and right ÂQRS as a possible 
sign of congestive heart failure and the possibility to diag- 
nose the etiology of advanced LBBB by looking at the S 
wave in V3 (higher voltage favors idiopathic vs. ischemic 
cardiomyopathy) (Bayés-Genis et al. 2003). 
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Recently, it has been demonstrated (Baldesseroni et al. 
2002; Vazquez et al. 2009) that the association of LBBB + 
atrial fibrillation in patients with congestive heart failure 
is a marker of bad prognosis. 

Patients with LBBB present with an abnormal 
depolarization of the left ventricle that has hemody- 
namic consequences and may induce an impairment of 
left ventricular function and even heart failure. In recent 
years (Cazeau et al. 2001; Moss et al. 2009) it has been dem- 
onstrated that it is useful to correct this abnormality with 
resynchronization pacemakers (CRT), even in cases of 
mild heart failure, especially if the QRS measure 2140 ms 
(consult Bayés de Luna 2011). Because of this, the diagno- 
sis of advanced LBBB by the width of QRS from a clinical 
point of view should probably be considered that is 
130ms in women and 140ms in men (Strauss et al. 2011) 
(see Table 11.4). 

However, there are at least 10% of cases of isolated 
LBBB (primary disease of the LV conduction system) that 
has a good prognosis. Therefore, it is not well known if 
only permanent dysynchronies activation of the LV may 
be sufficient in the absence of latent CM to induce LV 
failure in a long follow-up (Breithardt 2012). 


First-degree (partial) left bundle 
branch block 


Activation 

The impulse slowly courses through the left bundle branch 
trunk, but the delay is less than 0.06s. In consequence, part 
of the left septum depolarizes abnormally from the right 
side by the transseptal route, while the rest of the left ven- 
tricle does so normally, although with a delay. The later the 
impulse from the left bundle branch arrives, the larger the 
part of septum depolarized anomalously from the right 
side (Figure 11.33). If slurrings appear, they are not in the 
middle or final parts of the QRS complex, which now 
depolarize normally, but in the R upstroke, where they 
occasionally simulate a delta wave. When the initial slur- 
rings resembling a delta wave are prominent, a differential 
diagnosis with true pre-excitation can be difficult if the PR 
interval is relatively short (+120 ms) or if the rhythm is not 
a sinus rhythm (the short PR cannot be evaluated in this 
case), as occurs in atrial fibrillation. 

The QRS loop shows that the slurrings are not in the 
middle of QRS, and both the QRS loop and QRS complex, 
while of variable duration, are always less than accepted 
criteria for advanced LBBB (see Table 11.4). The initial 
abnormal depolarization explains the absence of “q” in 
the left precordial leads, I and VL (Figure 11.34). 

As repolarization becomes less opposed to QRS, less 
anomalous transseptal depolarization is found as well. As 
a result, the T wave, although it can be negative, is more 
often negative—positive or even completely positive in the 
leads facing the left ventricle (Figure 11.34). 
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Zone of transseptal depolarization 


Figure 11.33 Diagram of ventricular 
depolarization in first-degree LBBB. 

If the delay is short (A), there is small 
transseptal depolarization by the right 
bundle branch and the only ECG 
repercussion is the disappearance of the 
first vector due to the fact that the delay 
in its inscription causes it to cancel out 
the right forces. The T wave is positive 
except when there is associated disease. 
If the delay is greater (B), there is more 
anomalous septal depolarization, 
resembling more advanced LBBB, but 
the ORS does not reach 0.12s in duration 
and the T wave is positive or negative- 
positive in I, VL, and/or V5 and V6. 


ECG diagnostic criteria 

The range of QRS widths is between 100ms and <120ms 
according to the classical criteria, but this may be modi- 
fied after recent studies (Strauss et al. 2011). 

In the lesser degree of partial LBBB, the ECG is almost 
normal because there is hardly any abnormal transseptal 
depolarization and the T wave is positive in I, VL, V5, and 
V6. It only becomes apparent though the disappearance 
of the first vector, which is cancelled out by the right forces 
simultaneously inscribed. This is supported by QS in V1 
and a solitary R in V6 and I. In V1 there may be a small “r” 
produced in the right septum or right ventricular wall. 

Partial LBBB with more abnormal septal depolarization 
has a morphology more like that of advanced LBBB, but 
the QRS complex width is less than 0.12s and the T wave 
is often less negative in the left precordial leads I and VL, 


Figure 11.34 Two examples of 

partial LBBB. (A) A 55-year-old 

patient with mild hypertension. 

(B) A 75-year-old patient without 
a clinical heart disease. 


or is negative—positive or even completely positive when 
free left ventricular wall repolarization prevails over 
septal repolarization. We have already discussed how 
the negative—-positive or completely positive T wave 
sometimes seen in advanced LBBB can be explained. 


Differential diagnosis and clinical implications 
The possibility of septal infarction (T wave usually 
negative in V1-V2), septal fibrosis, block of middle fibers 
(McAlpin et al. 2002), emphysema, and dextrorotation (in 
the last two instances, generally S in V6) must be 
considered, although often to assure the cause of ECG 
pattern is not easy. 

Intracavitary ECG detects lengthened HV, V-ARV 
equal to zero, and widened QRS that is less marked than 
in advanced LBBB (Cannom et al. 1980). 
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Figure 11.35 Intermittent LBBB. The third and sixth complexes manifest a LBBB morphology. The same occurs from the eighth complex to 
the seventeenth complex, after which rhythm becomes bradycardic and LBBB disappears. 


Coronary patients with an ECG pattern of partial LBBB 
often present with involvement of the anterior descend- 
ing coronary artery (Romanelli et al. 1980), although this 
same ECG pattern is seen in about 5% of adults without 
ischemic heart disease. 


Second-degree left bundle branch block 
(Figure 11.33) 

This corresponds to a type of ventricular aberrancy. In 
these cases we can apply the same considerations used in 
second-degree RBBB (see above). This is usually a transi- 
tory form previous to a fixed block (Abben et al. 1979). Its 
presentation may be either abrupt (Mobitz II) or progres- 
sive (Mobitz I, Wenckebach type) which is veryrare 
(Brenes et al. 2006) (see Figure 18.9). 

The presence of a negative T wave when ventricular 
conduction is normal is relatively frequent, even with no 
evidence of heart disease (cardiac memory) Denes et al. 
1978) (see Figure 13.102). 

Although second-degree LBBB is generally indepen- 
dent of myocardial ischemia, exercise-induced LBBB 
has been reported in relation to myocardial ischemia 
(Paleo 1984). 


Left divisional blocks 


Included in this section are the blocks of the superoante- 
rior and inferoposterior divisions of the left bundle branch 
(hemiblocks), as well as the controversial block of middle 
fibers. 

The electrocardiographic idea of hemiblocks was 
conceived by Rosenbaum, Elizari, and Lazzari in 
1967. Etymologically speaking, the term “hemiblock” is 
no longer the best one to use; it would be more exact to 
refer to it as the block of the superoanterior and inferopos- 
terior fascicles of the left ventricle. We conserve the name 
in honor of Rosenbaum and Elizari, who first precisely 
defined this type of block and introduced this widely 
accepted terminology. According these authors, the term 
hemiblocks refers to the expression of the delay in impulse 
conduction in the left bundle branch superoanterior fasci- 
cle or division (superoanterior hemiblock; SAH) or infer- 
oposterior fascicle or division (inferoposterior hemiblock; 
IPH) (trifascicular theory) (see before and Chapter 4). If 
the delay is peripheral (i.e. located in the Purkinje area 
corresponding to one of the two divisions), the ECG 


morphology is similar, but it has more terminal slurrings. 
Rarely, lesions in the bundle of His or left bundle branch 
fibers destined for the respective fascicles have this ECG 
morphology, as demonstrated in SAH (Narula 1977; 
Sobrino et al. 1978; Castellanos et al. 1981). The superoan- 
terior fascicle is longer and narrower than the inferoposte- 
rior fascicle (see Figures 4.11C and 11.1) and subject to 
more intense hemodynamic overload because it is located 
in the outflow tract of the left ventricle that bears the pres- 
sure of ejection, whereas the wider and shorter inferopos- 
terior fascicle is situated in the left ventricular inflow 
tract. For these reasons, isolated superoanterior division 
block is frequent, while isolated inferoposterior division 
block is very rare. However, as with bundle branch block, 
the anatomic involvement is more extensive than the 
ECG expression. 

The repercussions of hemiblocks are evidenced as QRS 
loop modifications mainly in the frontal plane, with 
the maximum loop vector directed upward (toward the 
blocked zone) in SAH and downward (also toward the 
blocked zone) in IPH (Figures 11.35 and 11.36). This delay 
alone can never produce a QRS complex of 0.12s or more. 

As mentioned (see Chapter 4) there is anatomic evi- 
dence that in addition to the superoanterior and infer- 
oposterior fascicles, groups of fibers between the two 
fascicles, fundamentally directed forward (midseptal 
fibers) and of heterogeneous anatomic distribution, exist 
(Kulbertus et al. 1976) (Figure 11.3). It seems evident that 
block of these fibers may produce electrocardiographic 
repercussions. Durrer’s studies (Durrer et al. 1970), which 
demonstrate that ventricular depolarization starts simul- 
taneously in three points (the high anterior point situated 
in the area of implantation of the superoanterior fascicle 
or division, the inferoposterior paraseptal point in the 
area of implantation of the inferoposterior division or fas- 
cicle, and the medial septal point in the area of the medial 
septal fibers) (Figure 4.12), also reinforce the theory of an 
intraventricular system formed by four input areas of 
ventricular activation (the quadrifascicular theory) (see 
Chapter 4). 

We will principally deal with the superoanterior and 
inferoposterior division of fascicle blocks (SAH and IPH) 
and their associations (bifascicular and trifascicular 
block), which are concepts that are already very well 
established. We will also briefly comment on the concept 
of ECG patterns, which may be seen in the case of block 
of middle fibers, which is not a completely established 
concept (see later). 
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Superoanterior hemiblock (SAH) 

With regard to this phenomenon, we refer now to 
advanced, or third-degree, SAH, assuming that the 
impulse is blocked in the fascicle itself. Some type of 
peripheral block may also be present (see before). Later 
we briefly mention the concept of partial (first-degree) 
and intermittent (second-degree) hemiblocks. 


Activation (Figure 11.36) 

The blocked zone depolarizes later. As a result, the deten- 
tion of the impulse in the superoanterior fascicle modifies 
the sequence of left ventricular depolarization and, conse- 
quently, the QRS loop. 

The ORS loop begins with a vector directed forward, 
to the right and somewhat more downward than normal 
because when the superoanterior fascicle is blocked, the 
vector resulting from the remaining inferoposterior and 
anteroseptal forces is directed downward (Figure 11.36 
marked a+b). The forces of the right ventricle, depolar- 
ized at almost the same time, contribute to the somewhat 
more forward and right direction of the vector. Thus, the 
first vector represents the sum of depolarization of part 
of the right ventricle, the medial third of the septum, and 
the area of the left ventricular posterior papillary muscle 
(zone of implantation of the inferoposterior fascicle). 
Later, ventricular depolarization follows its route, the 
ORS loop rotating counterclockwise, depolarizing the 
lower left ventricular wall and apex, and finally, the lat- 
eral and anterior wall of the left ventricle. This produces 
a second, very powerful vector directed to the left, 


Figure 11.36 Diagram of the activation in 
superoanterior hemiblock. On the left are 
two vectors responsible for ventricular 
depolarization and the global QRS loop. 
The three stars represent the three 
entrances of the electric impulse in the left 
ventricle. On the right is the projection 

of the two vectors on the frontal and 
horizontal planes, with formation of the 
respective loops and the most common 
morphologies observed in clinical practise. 
The dotted line above lead I represents 
what is probably the most exact situation 
of the positive part of lead I. As such, the 
entire last part of the loop would be in the 
positive hemifield of I, justifying the 
absence of S in I, which normally occurs 
(a line perpendicular to the true I has 
been added to the sketch, delimiting the 
positive and negative hemifields of 

this lead and illustrating this point) 

(see Chapter 6). 


upward, and more or less backward (Figure 11.36). The 
final part of this loop is located in the apparent negative 
hemifield of lead I. However, there is no final S in this 
lead because the true lead I, according to Burger’s trian- 
gle (see Chapter 6, Figure 6.6), has to be located slightly 
upwards and therefore the positive hemifield of lead I 
ends around —100° and not at —90° (see Figure 11.36 dot- 
ted line). 

Projection of the resulting QRS loop on the frontal plane 
produces (Figure 11.36) a QRS loop directed sharply 
upward and rotated counterclockwise. On the horizontal 
plane, the QRS loop is oriented first forward and then 
backward, normally with more of the loop posterior than 
anterior. As such, SAH mainly affects the frontal QRS 
loop because the second vector in SAH is directed funda- 
mentally upward and to the left, the blocked area being 
essentially superior. 

The modifications in the ECG in advanced SAH, which 
are seen below, can be explained by the projection of a 
ORS loop in the frontal and horizontal planes and the cor- 
relation with positive and negative hemifields of different 
leads (Figures 11.36 and 11.37). 

The T loop shows no abnormal changes in isolated SAH. 


ECG changes: Diagnostic criteria 
(Figures 11.36-11.41) (Table 11.5) 


QRS duration 
Because activation delay is only intraventricular and not 
transseptal, it does not exceed 10 or 20ms. Therefore, the 


Figure 11.37 ECG-VCG of a 
patient with typical isolated 
superoanterior hemiblock. The 
morphology is that corresponding F P 
to Figure 11.36. 


duration of the QRS complex in isolated SAH is always 
less than 0.12s. Effectively, in intermittent SAH, it has 
been demonstrated that hemiblock prolongs QRS dura- 
tion by a maximum of 10-20 ms. 


ÂQRS in the frontal plane 

Because of the special activation in SAH, ÂQRS in the 
frontal plane strongly deviates upward and to the left, and 
orientation is typically between —45° and —75°. However, 
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Figure 11.38 Evolution in time in a case of superoanterior 
hemiblock (SAH). Different drawings in QRS recording in lead II. 
In D and E, SAH is evident, but there must also be a certain 
degree of SAH in A and B, and especially in C. 
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between —30° and —45° there is usually first-degree SAH, 
especially in very lean individuals. Nonetheless, when 
AORS is about —30°, it is difficult to distinguish between 
left deviation caused by the extreme horizontalization or 
left ventricular enlargement and that caused by first- 
degree SAH. Only the evolution of the morphology, and 
the transient nature of the changes, as shown in Figures 
11.38, let us confirm that partial SAH exists. 


QRS complex in the frontal plane 

e Leads I and VL: qR morphology (q = Vector 1, R = 
Vector 2) with fairly high R voltage. If R has a very low 
voltage, the addition of right ventricular enlargement, or 
superoanterior peripheral right ventricular block, which 
sometimes occurs in emphysematous patients, or even, 
lateral infarction, should be suspected. Due to the 


activation asynchrony between the lower (V6) and upper 
(VL) left ventricle, intrinsicoid deflection time (IDT) in VL 
is 15ms longer than that of V6, and in advanced hemiblock 
is usually 20.05s. 

e Leads II, III and VF: rS morphology (r = Vector 1, S = 
Vector 2) with SII < SII and RII > RIII, due to the fact that 
a larger portion of the loop remains in the negative 
hemifield of II when compared to lead II. The negativity 
of S in lead II should exceed the positivity of 
R as an expression of the AQRS deviation farther than —30°. 
The presence of SII > SII, especially if SI is present, rules 
out SAH, suggesting instead right ventricular block in the 
peripheral zone, right ventricular enlargement, or a 
thoracic anomaly (SI, SIL, SHI pattern) (Figure 11.21). 

e VR: Usually QR or Qr. The small final “r” is due to the 
fact that the final part of the loop remains in the positive 


Figure 11.39 Patient in subacute 
phase of coronary syndrome. Left: 
The morphology of II is R = S, or 
even R > S, with AQRS at about 
-30°. The next day (right), AQRS = 
+30°. Thus we can suggest that a 
certain degree of superoanterior 
hemiblock existed in the first ECG. 


Figure 11.40 Typical example 

of SAH + LVH ina 55-year-old 
patient with severe hypertension. 
There is a high voltage in VL, V5 
and V6, II, II, and VF. 


Figure 11.41 ECG of a 60-year-old 
patient with chronic obstructive 
pulmonary disease (COPD). The 
presence of SII < SIII indicates 
superoanterior hemiblock, and 
the S in I and terminal R in VR 
and rS in V6 suggest the associa- 
tion of partial RBBB and/or right 
ventricular enlargement. 
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Table 11.5 ECG diagnostic criteria for advanced superoanterior 
hemiblock 


e AQRS sharply deviated to the left (especially between —45° and 
-75°). Other causes of extreme left deviation of AQRS must be 
excluded 

e qR morphology in | and VL, r or R terminal in VR, rS in II, Ill, and VF 
with SIII > SII and RII > RIII 

e S wave until V6, with IDT V6 < IDT VL, with IDT VL =>50ms 

e Occasionally minimum ‘q' in V2-V3 

e ORS complex <0.12s 

e Slight midterminal slurrings in VL and sometimes in | (advanced 
cases) 


hemifield of VR. The presence of evident final R waves 
suggests associated partial RBBB. In this case, a V1 lead 
located in the second intercostal space records a OR pat- 
tern (Rosenbaum et al. 1967) (see later). 


QRS complex in the horizontal plane 

e Lead V6: Rs or qRs morphology, with IDTV6 < IDTVL 
(asynchrony 215ms), because the impulse now takes 
longer to reach the situation of VL compared to V6, due to 
the fact that this lead records the lateroinferior aspect 
activated earlier by the inferoposterior fascicle. 

e The other precordial leads show their normal 
morphologies, although sometimes a small “q” is seen in 
the right precordial leads, especially V1. This probably 
occurs because the electrode is situated higher than usual 
and faces the tail of the first vector, which in SAH is 
directed more downward than normal. When the 
electrode is moved down to the correct position, an initial 
“r” is recorded. This does not generally occur in septal 
necrosis, except in cases of very obese people (see Figure 
13.93). As explained above, if there is associated partial 
RBBB, lead V1 located in a higher position will record an 
evident final “r” wave. In isolated SAH, V2 (left) more 
than V1 (right) located in a high position (2nd intercostal 
space) may record an evident final “r’” that disappears in 
the 4th left intercostal space. 


ST segment and T wave 
Because the T loop is normal in isolated SAH, the ST 
segment and T wave are also normal when associated 
heart disease is absent. However, the T wave is often a lit- 
tle different because the loop morphology and direction is 
slightly different from the T loop without SAH. 

The ECG diagnostic criteria may be seen in Table 11.5. 


Differential diagnosis 
A differential diagnosis must be made with other causes 
of extreme left AORS deviation, such as the following: 


e Horizontal heart: AQRS does not reach —30°. 

e Left ventricular enlargement: AQRS does not pass -30° 
in isolated LVE. 

e Zonal anterosuperior RBBB: the morphology is SI, SII, 
SII with SII > SII (Figure 11.21). 

e WPW syndrome: is accompanied by delta wave and 
short PR interval (see Chapter 12). 

e Inferior infarction isolated or associated to SAH: signs 
of necrosis (QS, OR, qrS) (see Chapter 13, Figure 13.96). 

e Right ventricular pacemaker rhythm: a spike appears. 
e In some congenital heart diseases (ostium primum-type 
ASD, tricuspid atresia, single ventricle, corrected transpo- 
sition and double outlet of the right ventricle with 
infracristal ventricular septal defect), AQRS may be devi- 
ated farther than —30°, generally not because of true SAH, 
but because of congenital alterations in the SCS encom- 
passing the superoanterior division. 


Special characteristics 

Special characteristics of SAH are as follows: 

e Partial SAH presents with an AQRS between -30° and 
—45° or even less, deviated to the left. The evolution to 
advanced SAH (AQRS beyond —40°) assures the diagno- 
sis (Figures 11.38 and 11.39) (see before). 

e When there is significant delay situated less in the fas- 
cicle as more in the corresponding parietal zone, evident 
slurrings (=30 ms) appear in the descendent branch of R 
in VL, reflecting the final delay in inscription of the up 
and leftward directed loop. QRS may be 20.12s, espe- 
cially if the block is mixed at both fascicular and parietal 
levels. 

e Associated left ventricular enlargement is described 
before and in Chapter 10 (Figure 11.40). 

e Combined SAH and necrosis is described in Chapter 13. 
e In SAH and partial LBBB, the following may be seen: 
(i) global advanced LBBB morphology with AQRS at -60°; 
(ii) QRS 20.12 (because of the coexistence of both blocks); 
(iii) AQRS hyperdeviated to the left (because of SAH); 
there is absence of Q in I and VL (because of first-degree 
LBBB). Similar morphologies can be explained by other 
circumstances (see LBBB: Differential diagnosis). 

e Sometimes SAH is associated with delay in right 
ventricular activation caused by partial truncal RBBB, 
zonal RBBB, or RVE. In this situation, as the last part of 
the loop is more to the right than normal, a small S wave 
is seen in I, with SHI > SII and usually without r’ in V1, 
but with evident final R in VR (Figure 11.41). If heart fail- 
ure exists, probably as happens in case of LBBB with left 
AQRS, the R wave in VR may be explained by RV dila- 
tion. In V1 a terminal “r” may be recorded if the elec- 
trode is placed at a high level in cases of partial RBBB 
(see before). 

e A prolonged HV interval is observed in 30% of cases in 
series with predominantly elderly persons (Narula 1979). 


Clinical implications 

The prevalence in the normal population varies according 
to series and ranges from 0.9% to 1.4% (Barret et al. 1981). In 
the absence of associated heart disease, it should not be 
considered an important risk factor for cardiac morbidity 
or mortality. It does not worsen the prognosis of patients 
with heart disease. Although it should be considered an 
early sign of degenerative disease of the specialized con- 
duction system, this process often evolves slowly. In some 
series, over 50% of patients with SAH do not present with 
associated heart disease. 

The evolution of SAH to global advanced LBBB or 
complete AV block is very infrequent (Kulbertus et al. 
1980) and the development of RBBB + SAH is infrequent 
but statistically significant when compared to a control 


group. 


Inferoposterior hemiblock (IPH) 

With regard to this phenomenon, we refer mainly to 
advanced or third-degree IPH, assuming that the impulse 
to be blocked is in the fascicle itself. Like SAH, the block is 
very rarely more proximal (in the corresponding part of 
the left bundle or bundle of His), but sometimes periph- 
eral block may be present. 


Figure 11.42 Diagram of activation 
in inferoposterior hemiblock. On 
the left are the two vectors that 
account for ventricular depolari- 
zation and the global QRS loop, 
and on the right, the projection of 
these vectors on the frontal and 
horizontal planes, with formation 
of the respective loops and the 
most common morphologies seen 
in practise. 
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Activation (Figure 11.42) 

The ORS loop begins with a first vector directed forward, 
upward, and to the left (in some cases to the right) because 
of the delay of the impulse in the inferoposterior fascicle, 
representing the depolarization of the zone corresponding 
to the anterior papillary muscle of the left ventricle and of 
the middle third of the septum (a+b of Figure 11.42). From 
there, the impulse is propagated to the anterolateral wall 
of the left ventricle, the loop describing a clockwise rota- 
tion. Finally, the blocked zone that corresponds to the 
inferolateral wall of the left ventricle is depolarized. This 
produces a very powerful second vector directed to the 
right, backward, and downward. 

The projection of the resulting QRS loop on the frontal 
plane (Figure 11.42) is oriented sharply downward and to 
the right, and rotated clockwise. On the horizontal plane, 
the ORS loop is directed first forward, then in a counter- 
clockwise rotation backwards and to the right. The IPH 
modifications appear mainly in the frontal QRS loop 
because the second vector in this case is directed mostly 
downward and somewhat to the right because of the pre- 
dominantly inferior position of the inferoposterior fascicle. 

Based on the projection of the loop in the frontal and 
horizontal planes (projection in the hemifields of different 


190 Abnormal ECG Patterns 


A B 


leads), these changes in the QRS loop explain the ECG 
variations in advanced IPH (Figures 11.42 and 11.43). 
The T loop in isolated IPH falls within normal limits. 
The diagnosis of IPH may only be made in the absence 
of RVE and very vertical heart. For some authors, it is 
necessary that the patient has left heart disease. 


ECG changes: Diagnostic criteria 

(Figures 11.42 and 11.43) (Table 11.6) 

The above criteria alone may not be enough to perform 
the diagnosis. 


QRS duration 

The duration of the QRS complex is always less than 0.12s 
in isolated advanced IPH for the same reasons described 
earlier when dealing with SAH (see above). 


AQRS in the frontal plane 

Because of the special activation in IPH, AQRS in the fron- 
tal plane is deviated to the right and downwards. It is 
usually situated between +90° and +140°, although there 
is evidence that in first-degree IPH, AORS of <+90° can be 
seen (corresponding with the Rs or even low-voltage R 
morphology in I seen in these cases). 


QRS complex in the frontal plane 

e Leads I and VL: rS, RS, or even Rs morphology (lesser 
degrees can probably be accompanied by solitary, but 
low-voltage, R in I). 

e Leads II, III, and VF: qR morphology (q = Vector 1, R= 
Vector 2) with prominent “q” wave, especially in III and 
VF. IDT is generally =0.05s in VF in advanced IPH, and is 


delayed 15ms or more with respect to IDT in VL because 


Figure 11.43 (A) ECG ofa 
55-year-old patient with arterial 
hypertension and coronary heart 
disease. (B) Unaccompanied by 
any clinical change, a month later 
the patient presented a striking 
ECG change (AQRS went from 
left to right, in VF Rs passed to qR 
with IDT = 0.06s, and in V6 qR 
changed to Rs). All this may be 
explained by the appearance of 
inferoposterior hemiblock. 


Table 11.6 ECG diagnostic criteria for advanced inferoposterior 
hemiblock 


e AORS extremely deviated to the right (between +90° and +140°, 
often >100°) in the absence of other factors that might explain this 
deviation 

e RS or Rs in | and VL and qR in Il, Ill and VF 

e ORS complex <0.12s, IDT 250 ms in VF and V6, and IDT >50ms 
in VL 

e Slight midterminal slurrings in Il, IIl, and VF (advanced cases) 


VF (and V6) records the inferior wall, with delayed 
activation in this case, and VL explores the anterosuperior 
wall, which is depolarized earlier. As a consequence of the 
delayed activation of the inferior wall, midterminal slur- 
rings are appreciated in these leads. 

e VR: QS or Qr morphology (see Figure 11.42). 


QRS complex in the horizontal plane 

Precordial leads: 

e Lead V1: rS or QS pattern. 

e Lead V6: Rs, qRs, or solitary, low-voltage R. The IDT in V6 
equals that of VF, since both leads are low and record the 
same activation delay in the inferior wall of the left ventricle. 


ST segment and T wave 
Since the T loop falls within normal limits in isolated IPH, 
the ST segment and T wave are normal in the absence of 
associated heart disease. However, IPH is commonly 
accompanied by cardiac disease, which is the cause of the 
repolarization changes often encountered. 

The ECG diagnostic criteria may be seen in Table 11.6. 


The sudden appearance of compatible ECG pattern in 
decisive for assuring the diagnosis (Figure 11.43). 


Differential diagnosis 
Similar ECG morphology is observed in the following: 
e Right ventricular enlargement with posterior QRS 
loop. In this case, the P wave may suggest right heart 
disease. The onset of the loop is usually less superior 
and therefore the “q” wave in II, III, and VF is generally 
smaller. Moreover, in IPH, there is usually less terminal 
“r” in VR and less “S” in V6 (Figure 11.43). 
e Similar loops, although more closed, appear in very lean 
individuals or persons with thoracic malformations, occa- 
sionally with increased IDT in VF. The asynchrony between 
the IDT of VF or V6 and that of VL clearly reflects IPH. 

It is thus necessary to exclude the possibility of right 
ventricular enlargement and asthenic constitution when 
diagnosing IPH (see before). 


Special characteristics 

e Partial degrees of IPH can be seen with AQRS some- 
what inferior to +90° and probably without S in I or with 
Rs morphology. 

e When there is an important activation delay, situated 
more in the corresponding parietal zone than in the fas- 
cicle, evident slurrings (=30ms) appears in the descend- 
ent branch of “R” in II, III, and especially VE. They are 
the expression of the final delay in recording the down 
and rightward oriented vector. In this situation, the QRS 
can be 20.12s, especially if the block is mixed (both fas- 
cicular and parietal). 

e Combined IPH and necrosis is described in Chapter 13. 
e There is a prolonged HV interval in 40% of cases with 
isolated right axis deviation (Narula 1979). 


Clinical implications 

No large patient series has been studied to firmly establish 
the diagnosis of IPH and consequently the prognosis is 
not well known. Rajala et al. (1984) encountered a 
prevalence of IPH in very elderly subjects that was either 
isolated or associated with RBBB of less than 1%, while 
the prevalence of SAH, according to a different series, is 
from 8% to 20% in the elderly. In the normal population, 
the prevalence of IPH is less than 0.1% (Barret et al. 1981). 
IPH represents a more extensive ventricular conduction 
system disorder, considering that the inferoposterior divi- 
sion is much wider than the superoanterior division. 
Theoretically, the prognosis for IPH should be worse than 
that of SAH. 

IPH is very rare if heart disease is absent, but it 
appears with relative frequency associated to myocardial 
infarction (see Figures 13.89, 13.91, 13.94 and 13.95) and 
occasionally in other situations like aortic regurgitation. 
In this latter instance, it is the result of an injury produced 
by the effect of the regurgitation jet on the inferoposterior 
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fascicle. This explains some cases of severe aortic regurgi- 
tation in non-lean persons accompanied by right devi- 
ated AORS but no right heart involvement or failure 
due to valvular disease accounting for the right AQRS 
deviation. 


Anteroseptal middle fiber block: 

Myth or reality? 

Expressions such as “Myth or reality?” and/or question 
marks are repeatedly used by authors who question 
whether a clear ECG expression of anteroseptal middle 
fiber block exists (Hoffman et al. 1976; De Padua et al. 
1978; Alboni 1980; MacAlpin 2003: Pérez Riera et al. 
2008). Bearing in mind that the intraventricular conduc- 
tion system may be considered quadrifascicular (see 
Chapter 4), it may be hypothesized that the block of 
middle fibers, which are located in an anteroseptal zone 
between superoanterior and inferoposterior fascicles 
(Figure 11.1), may produce an anterior displacement of 
the ORS loop in the horizontal plane, and this would 
account for a prominent R wave in V1-V2 (Hoffman 
et al. 1976; Nakaya et al. 1978; Moffa et al. 1997; De Padua 
et al. 2011). Other authors (MacAlpin 2002) postulates 
also other criteria (lack of septal “q” wave). The 
Brazilian School has outlined ECG criteria for this diag- 
nosis emphasizing as a major criteria for the diagnosis 
of MFB the presence of prominent anterior force (RS in 
V1-V2 and Rs pattern in V6) (Pastore et al. 2009; Pérez 
Riera et al. 2011). I consider this hypothesis plausible 
especially if the pattern with prominent anterior forces 
is transient, as seen in cases of septal ischemia due to 
LAD occlusion (Figure 11.44) (Pérez Riera et al. 2008; 
Bayés de Luna 2011). 

However, before confirming that these transient ECG 
changes are caused by a block of left middle fibers [some- 
times referred to with different names, such as “left septal 
fascicle” (Pérez Riera et al.2011), although the pathological 
studies of Demoulin and Kulbertus demonstrate that a 
true septal fascicle stemming from the left bundle branch 
is present in only 30% of cases] (see Figure 11.2) (Chapter 4), 
the following aspects should be borne in mind: 

a) The experimental data obtained after the section of 
these Middle Fibers (MF) show some discordant results 
(Dabrowska et al. 1978, Uhley and Rivkin 1964, Nakaya 
et al. 1981). The latter study demonstrates that after the sec- 
tion the breakthrough of the apical area has disappeared 
and a small delay of activation is observed. Thus the onset 
of LV activation is modified. Uhley presents relatively sim- 
ilar results (Figure 11.45). Dabrowska considers that the 
section of MF is either equivalent to partial truncal LBBB 
or does not present a big change in QRS morphology. 

b) The diagnosis of MF block (MFB) may not be based on 
the loss of a septal “q” wave. In fact, this is a key criteria to 
diagnose truncal partial LBBB and therefore is no longer 
considered a major criteria for diagnosis of MFB. 
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Figure 11.44 (A) ECG from an ischemic heart disease patient who, during an acute coronary syndrome (B), showed a significant morphology 
change in V2 (high transitory R), with very negative T wave in right precordial leads (left anterior descending coronary artery involvement), 
which disappeared after some hours (C). As there is no evidence of transient lateral ischemia, the transient pattern of V2 (tall R wave) (B) 
may be explained by either a block of the middle fibers of left bundle branch or partial right bundle branch block (see text). 
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Figure 11.45 This drawing shows that the incision at the 
site of the middle fibers does not produce an evident 
change in the QRS morphology in the frontal plane axis 
leads but with a tendency to be oriented anteriorly and to 
the left. (Reproduced with permission from Uhley HN, 
Rivkin L (1961)). 


c) It was demonstrated in humans by Peñaloza (1961) 
with catheter compression of RBB (Figure 11.6); by Piccolo 
(1980) with programmed atrial stimulation (PAS) (Figure 
11.46); and by Rosenbaum (1968) with clinical tracings, 
that an RS pattern appears transiently before the advanced 
RBBB pattern. Other authors (Cohen et al. 1967; Reiffel 
et al. 1978) obtained with PAS the same results, but they 
consider, in our opinion wrongly, that the RS pattern in 
V1 did not correspond to a partial RBBB. 


d) The RBB and MF are usually perfused by septal 
branches of the LAD coronary artery. Therefore, in cases 
of ischemia due to proximal occlusion of LAD both RBB 
and MF will be under perfused. This may explain the 
transient presence of RS in V1-V2 due to block of one of 
both structures. 

e) In patients with intraventricular conduction distur- 
bances the pathological involvement is much more exten- 
sive than what the ECG pattern indicates (Lenegre 1956). 
Therefore, this may explain that the presence of RS pattern 
in V1-V2 in patients with heart disease coincides with 
important fibrosis of both RBB and MF in necropsy 
(Nakaya 1978). 

f) The permanent RS or rs pattern in V1-V2 have been 
considered diagnostic evidence of block of both partial 
RBBB (Alboni 1981) or MFB (de Padua 2011) (Figure 
11.47). However, there are many other causes that may 
present similar patterns including many normal variants 
such as special rotation, chest anomalies, obesity, etc., and 
that does not evolve in a long folow-up to advanced right 
or left BBB (see Table 10.3). 

Therefore, after all these arguments we may say that at 
present, the ECG patern with RS in V1-V2 that is perma- 
nent cannot be considered a major criteria for the diagnosis 
of any type of intraventricular block. However, the pres- 
ence of transient RS in V1-V2 although may be due to BMF 
may also be explained by partial RBBB. Perhaps the most 
probable is that the injury of both RB and MF are present at 
the same time as was seen in the case studied at necropsy 
by Nakaya (1978). In fact, the Brazilian school emphasizes 
that BMF is frequently associated with RBBB (qR in V2). 

To advance in the understanding whether RS patterns 
are due to BMF, or partial RBBB (or both), it would be 
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Figure 11.46 ECG from a 22-year-old man without structural 
heart disease. (A) Control tracing of I, II, DI, and V1 and 
horizontal plane VCG loop (HP). (B-E) Programmed right atrial 
stimulation (PRAS) with progressive shortening of coupling 
interval (H1-H2 from 530 ms in B to 420 ms in E). See the 
progressive anterior displacement of HP-VCG loop conserving 
the CC rotation in B and C and small change of V1 (without r’) 
(V2 is not recorded but in C an RS pattern would be recorded) 
according to ECG-VCG correlation. When the VCG loop rotates 
clockwise, D and E, an rsR’ pattern appear in E with important 
terminal slurrings and wide ORS (advanced RBBB) (see text). 
(Reproduced with permission from Piccolo et al. 1980.) 
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1) to perform more histologic studies (heart trasplant, 
necropsy) of ventricular conduction system (CVS) in cases 
with RS pattern in V1-V2; 

2) to repeat with new methodology the experimental 
studies sectioning MF. 

3) to change the paradigma: do not try to demonstrate if 
the block of these fibers produces an ECG change, but to 
study with new imaging techniques (endocardial record- 
ing), if these ECG changes described by the Brazilian 
School (Moffa, Pastore, Perez Riera, Barbosa), correlates 
with a delay of activation in the zone of the LV that receive 
the activation through these fibers. 


Combined block 


We will now describe now according the classification of 
Figure 11.3 the characteristic ECG features of bi- and tri- 
fascicular block, as well as the most important clinical 
implications of this phenomenon. 


Bitruncal block: RBBB plus LBBB 
If both blocks are advanced (third degree), this 
corresponds to an advanced AV block. 

If one block is advanced and the other is first degree, 
a right or left BBB morphology is observed and the PR 
interval becomes somewhat prolonged, although it may 
still be within normal limits. Lengthening of the PR inter- 
val may also be due to a slowing of the conduction proxi- 
mal to the bundle of His bifurcation. An ECG of the 
bundle of His can clarify. Figure 11.32 shows an example 
of LBBB with the QRS at —60° (or LAH + LV parietal 
block) showing a prominent terminal R in VR and a OR 
pattern in high V1. This probably is explained in absence 
of important heart failure (see Figure 11.30) by the pres- 
ence of associated partial RBBB. 

If both blocks are not advanced, the QRS morphology is 
dominated by the more severe block and the PR interval 
becomes longer compared to the previous one. 

If the extent of the block is the same on both sides— 
an event that is possible in theory but very rare in 
practise—the ORS morphology is normal and the PR inter- 
val is lengthened compared to the pre-block morphology. 

The clearest example of bitruncal block is the presence 
of RBBB alternating with LBBB (Figure 11.49). 

The clearest example of bilateral block is the inter- 
mittent presence of RBBB alternating with LBBB 
(Figure 11.49). 


Bifascicular block 

Figure 11.48 shows all possible combinations of bifasci- 
cular block whereby two of the four fascicles (see Figure 
11.3) are involved and the block is either first or third 
degree. The electrocardiographic repercussions of the dif- 
ferent bifascicular blocks are shown in this Figure. We will 
discuss the most frequent and important bifascicular 
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Figure 11.47 Two cases with very similar prominent R wave in V1-V2. (A) Case of prominent R in V1-V2 that in the absence of lateral 
myocardial infarction and right ventricular hypertrophy, left septal fascicular block would be postulated (Adapted with permission 
from De Padua et al. 2011). (B) Case of prominent R in V2 that occurs before the appearance of advanced RBBB using premature atrial 
extrastimulus with shortening coupling intervals. It is considered that it corresponds to partial RBBB before the appearance of rSr’ in V1 
(Adapted with permission from Alboni 1981). These two examples show that the same morphology has been used to diagnose block of 
midle fibers (A) and partial RBBB (B) (see text). 
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Figure 11.48 Different possibilities 
of bifascicular block when 
assuming that four fascicles exist 
(right bundle branch trunk, left 
bundle branch trunk and the 
superoanterior and inferoposte- 
rior divisions of the left bundle 
branch) and that the block is of 
first or third degree. The ECG 
repercussions in each situation 
have been shown (RBBB: right 
bundle branch block; LBBB: left 
bundle branch block; SAH: 
superoanterior hemiblock; IPH: 
inferoposterior hemiblock). (A) 
Bitruncal block. (B) RBBB + SAH. 
(C) RBBB + IPH. (D) SAH + IPH. 
(E) Truncal LBBB + SAH. (F) 
LBBB + IPH. In each case,1, 2, 3, 
and 4 represent a combination of 
first- (I) and third- (III) degree 
block of two fascicles. 


Figure 11.49 Typical bilateral 
block. (A) LBBB with left AQRS 
deviation pattern. (B) RBBB 

and superoanterior hemiblock 
(RBBB + SAH) pattern. The patient 
suffered from syncope and a 
pacemaker was immediately 
implanted. 


blocks, advanced RBBB + SAH and advanced RBBB + 
IPH, from a clinical point of view. 


Right bundle branch block plus superoanterior 
hemiblock (Figures 11.50-11.53) 

This association is frequent, among other reasons, 
because the two fascicles are close to each other and they 
are perfused by the same descending anterior coronary 
artery. 


Activation 

The first part of ventricular depolarization is modified by 
SAH and the second part by RBBB. Consequently, the 
forces in the first half of the ORS are directed, as in SAH, 
first to the right, downward, and forward, and subse- 
quently to the left, upward, and backward. In the second 
half, they are directed as in RBBB, to the right and for- 
ward. This represents an advanced degree of ventricular 
conduction disturbance, which in the majority of cases is 
accompanied by a prolonged HV interval. 


ECG diagnosis criteria 

e ORS duration: The QRS complex is 20.12s. The first 
part of AQRS is directed upward and to the left, as in 
SAH, and the second part upward and to the right, as in 
advanced RBBB. 

e ECG morphology: ORS complex in the frontal plane. 
As a result of abnormal activation, typical cases present 
with the QRS morphologies shown in Figure 11.50. 

e ORS complex in the horizontal plane. Since SAH has 
little effect on the horizontal plane, the morphologies are 


Ventricular Blocks 195 


Figure 11.50 A 70-year-old patient with no apparent heart disease 
with a typical advanced RBBB + SAH morphology. 


those of advanced RBBB (rsR’ in V1 and slurred qRs in 
V6). In V6 an S wave is more evident than in isolated 
advanced RBBB due to associated SAH. If there is emphy- 
sema, the q in V6 may disappear and the s in V1 may be 
minimal or non-existent. 

e Repolarization. This morphology shows the modifi- 
cations produced by advanced RBBB, although it is often 
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Figure 11.51 Two examples of 
classical bifascicular masked 
block, one (A) with a small S in I 
SP 4c and counterclockwise rotation of 
; the QRS loop in horizontal plane, 
and the other (B) with clockwise 
é rotation and without S in I. 
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Figure 11.52 Different ECGs in the same 


patient presenting with intermittent 


masked bifascicular block. Note that the 


S wave disappears in I and VL (B and D), 


coinciding with two crisis of pulmonary 


edema, and that the R wave in V1 is seen 
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in all ECGs. 


accompanied by alterations produced by LVE or myocar- 
dial ischemia. 


Masked block (Figure 11.51) 

There are many different types of masked block. We will 
comment on just two types of masked blocks that are due 
to involvement of RB +SA division: RBBB + SAH mim- 
icking RBBB pattern in horizontal plane (precordial leads) 


and LBBB pattern in frontal plane leads, and LBBB or 
SAH that masked RBBB. 


RBBB + SAH with ECG pattern of RBBB in HP 

and LBBB in FP 

When advanced RBBB is associated with advanced SAH 
and a certain degree of LBBB, and/or left ventricular 
parietal block usually with important LVH, the right forces 
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Figure 11.53 In the presence of masked block, the 
disappearance of the S wave in I, VL, and sometimes V6 is 
due to the fact that the final activation vector (2) is directed 
forward, falling into the positive hemifield of V1 and thus 
originating an R wave in V1. As it is also directed leftward 
(due to the significant leftward final forces), it does not, 
however, produce an S wave in I and VL. Vector 1 is the final 
vector seen in cases of normal bifascicular block and Vector 2 
in cases of masked block. 


(RBBB) do not clearly prevail over the left forces (SAH + 
associations) and the resulting forces are therefore directed 
forward and upward, but to the left instead of the right 
(Figure 11.51). This is due to the balance between the final 
forces derived from the impulse delay in the free left ven- 
tricular wall, which would draw the loop backward and to 
the left, and the impulse delay on the right side occasioned 
by RBBB, which if alone would take the loop forward and 
to the right. For this reason, V1 continues to record domi- 
nant R morphology, because the final anterior part of the 
loop, although left, still fall within the positive hemifield 
of V1. In contrast, wide R or qR without S or with minimal 
“S” (Figure 11.51A,B) is observed in I and VL, with rS or 
QS in II, II, and VF, due to the fact that the final forces of 
the loop are directed to the left and upward. This type of 
block has been appropriately named “masked block,” 
because it looks like right ventricular block in the horizon- 
tal plane and left ventricular block in the frontal plane. 

This masked bifascicular block may be associated with 
left parietal block (if “q” is found in I and VL) or first- 
degree left BBB (if R is solitary in I and VL). The latter is in 
fact a trifascicular block, with a more frequently length- 
ened PR interval. 

This masked blocks often terminate in advanced AV 
block (Bayés de Luna et al. 1988). We have described 
the appearance of this intermittent masked bifascicular 
block (Garcia Moll et al. 1994) (Figures 11.52 and 11.53). 


Masked RBBB 

Sometimes SAH may completely mask RBBB in conven- 
tional leads but not in high (2nd intercostal space) V1 
where a final r’ of R’ is recorded (Rosenbaum et al. 1973). 
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This especially occurs when SAH is associated with LV 
parietal block and the QRS is 20.12s. In fact the ECG pat- 
tern in conventional leads is similar (fewer middle slur- 
rings) to advanced LBBB with left AQRS (Figure 11.32). 
The morphology with terminal R’ (RBBB) is recorded in 
high position (2nd intercostal space) of V1. The RBBB 
usually is partial but may be also relatively advanced if 
the LV block is SAH+parietal block (not advanced LBBB) 
because in this case the left ventricular activation still may 
take place through the inferoposterior fascicle. In this 
block a QR pattern is recorded in VR that may be due to 
truncal RBBB with delayed right ventricular wall or in 
case of heart failure the delay of right ventricular wall is 
due to right ventricular dilation (Van Bommel et al. 2011) 
(see before and Figure 11.30A). 


Right bundle branch block plus inferoposterior 
hemiblock (Figure 11.54) 

This association is less common. When it appears, it 
reflects a more important ventricular conduction disorder 
than in advanced RBBB with SAH because the inferopos- 
terior division is relatively shorter and thicker than the 
superoanterior division, it has double perfusion (LAD + 
RCA or CX), and it is subject to less hemodynamic stress 
than the superoanterior division. 


Activation 
The first part of cardiac activation is modified by IPH, 
while the second part is modified by advanced RBBB. As 
a result, the first half of the QRS is upwards and to the left, 
as in IPH, continuing downward and backward. The 
forces of the final part of QRS are directed as in advanced 
RBBB, to the right and forward. 

This represents an important ventricular conduction 
disturbance and is associated with 80-100% of cases with 
prolonged HV interval (Figure 11.54). 


ECG diagnosis criteria 

e ORS duration: The duration of the QRS complex 
exceeds 0.12s. The first part of the AQRS is directed 
downward, as in IPH, and the second part to the right and 
forward, as in advanced RBBB. 

ECG morphology: 

e ORS complex in the frontal plane. As a consequence of 
the activation just described, typical cases present with 
the morphologies depicted in Figure 11.54. The terminal 
“r” wave in VR is smaller than in isolated advanced RBBB 
or RBBB+SAH or may even be absent. 

e ORS complex in the horizontal plane. Since IPH hardly 
changes the ORS morphology in this plane, it is the same 
as that of advanced RBBB (rsR’ in V1 and slurred qRs 
in V6), with the S wave in this last lead usually less evi- 
dent than in isolated advanced RBBB because of the 
accompanying IPH. Compared with isolated RBBB, the 


My 


lower “r” voltage in VR and of “S” in V6 are the most 
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Figure 11.54 A 76-year-old patient with ischemic coronary heart 
disease and arterial hypertension, and with no right heart disease 
or asthenic constitution, who presented with a morphology 
typical of advanced RBBB + IPH (see text). The ST segment is 
depressed in the left precordial leads because of the underlying 
disease. 


characteristic ECG signs of this bifascicular block (Masoni 
and Alboni 1982). 

e Repolarization. This presents with the modifications 
occasioned by advanced RBBB. If ischemic heart disease 
also exists, as often is the case since this type of block 
frequently appears in the acute phase of myocardial 
infarction, the subsequent repolarization alterations are 
apparent. 


Differential diagnosis 

Right ventricular enlargement or very lean body habitus 
plus advanced RBBB can produce a similar morphologies. 
For this reason, RBBB + IPH cannot be diagnosed in the 
presence of RVE or in very lean individuals. 


Other types of bifascicular blocks 


Superoanterior hemiblock plus inferoposterior 
hemiblock (Figure 11.48D) 
If both blocks are advanced, the block is equivalent to that 
of an advanced LBBB pattern. Some authors (Medrano et 
al. 1970) believe that in these cases the activation through 
the medial fibers may be responsible for the normal ini- 
tiation of depolarization, although the rest of the left 
ventricular depolarization will occur transseptally much 
later. In this case, the ECG pattern will be of advanced 
LBBB, but often with “r” in V1 and “q” in V6. 

If one block is advanced and the other is partial but 
relatively important, we find a somewhat advanced LBBB 


morphology with right AQRS deviation, if the most 
advanced block is in the inferoposterior fascicle, or left 
axis deviation, if it is in the superoanterior fascicle. If both 
hemiblocks are first degree, we will have different 
patterns of first-degree LBBB. 


Left bundle branch block (trunk) with 

superoanterior or inferoposterior hemiblock 

(Figure 11.48E,F) 

The transseptal depolarization of the left ventricle due to 
first- or third-degree LBBB is delayed in the Purkinje zone 
depending on the respective superoanterior or posteroin- 
ferior division. This results in a first- or third-degree LBBB 
morphology with AQRS hyperdeviated to the left or to 
the right. Due to the conjunction of both blocks, QRS usu- 
ally is 20.12s. 


Clinical implications of bifascicular block 
Bifascicular block, the more frequent combined block, is 
present in about 0.1% of the general population. 

Patients with advanced right BBB plus superoanterior 
hemiblock (RBBB + SAH) are not a homogeneous group. 
Although it is the most common manifestation of 
bifascicular block, the exact incidence of advanced AV 
block in these cases is not known because these data are 
conditioned greatly by clinical context. Advanced AV 
block and also trifascicular block (RBBB + alternating 
SAH and IPH) were frequently seen in the past in acute 
anterior infarction (5-10%). Now with current treatments 
they occur much less frequently. 

In approximately 80% of patients with RBBB + SAH or 
isolated RBBB or LBBB, an associated heart disease was 
found (Dihingra et al. 1978). In a 3-year follow-up period 
of patients with bifascicular block, 5% of the cases with 
associated heart disease presented with second- or third- 
degree AV block, while only 1% of cases without heart 
disease presented with these types of block (p < 0.05). 
Another series (Chamberlain 1980) found that patients 
with advanced RBBB + SAH and heart disease presented 
with an annual rate of progression toward complete 
AV block of 4%. At the same time, Kulbertus’ series 
(Kulbertus et al. 1980) demonstrated that like LBBB, cases 
with RBBB + SAH had a greater mortality (4.5% yearly) 
compared to a control group, although it was not statisti- 
cally significant. In contrast, the HV interval is found to 
be shorter in patients without heart disease. What is not 
clear, however, is whether the prognosis is worse in cases 
with long HV, especially if no associated heart disease is 
found. 

A recent study (Marti-Almor et al. 2009) demonstrated 
that the overall mortality rate in patients with chronic 
bifascicular block is lower than previously thought (a 
2-year mortality rate of 6%), and that the most important 
predictive factors for mortality are advanced heart disease 
and renal failure. 


No consensus exists as to when a pacemaker should 
be placed in patients with RBBB + SAH or whether 
implantation of a pacemaker in symptomatic patients 
prolongs survival. In the end, the physician is required 
to take decisions considering the clinical setting. The 
following recommendations may be useful. 

e In asymptomatic individuals with advanced RBBB + 
SAH with or without heart disease, we do not recommend 
electrophysiological study or pacemaker implantation, 
although periodic Holter controls may be indicated in 
some cases. 

e We do not think it is necessary to implant a preventive 
pacemaker in patients with RBBB + SAH who are to 
undergo surgery, even if there is a slightly prolonged PR 
interval. Only the presence of clinical manifestations or the 
diagnosis of advanced AV block indicates this measure. 

e There is probably no difference in prognosis between 
RBBB + SAH and RBBB + IPH, although the latter is 


Figure 11.55 A patient with RBBB + IPH and inferior myocardial 
infarction. The bundle of His electrogram shows a prolonged HV 
interval (70 ms). 


Figure 11.56 Typical example of 
trifascicular block. (A) RBBB + 
SAH. (B) The next day the frontal 
AQRS passed from -60° to +130°, 
indicating the appearance of an 
inferoposterior hemiblock 
substituting the superoanterior 
hemiblock. 
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infrequent and requires further study. In our experience 
regarding progression to advanced block, masked blocks 
(RBBB + SAH) have shown the poorest prognosis (Bayés 
de Luna 1988). 

e Patients with this type of masked blocks are usually 
of an advanced age and present conduction abnorma- 
lities at other points in the specialized conduction 
system, usually accompanied by severe heart disease. 
This is relatively frequent in Chagas cardiomyopahthy, 
but rare in other heart diseases. In our experience, the 
prognosis is poor and the incidence of AV block is high 
(40% in the first year after diagnosis). The prognosis 
usually does not improve with pacemaker implantation 
due to the severe underlying heart disease (Bayés de 
Luna 1988). 

e A Holter recording identifying major associated AV 
block or a very slow heart rate indicates urgent pace- 
maker implantation. 

e In unclear cases where the cardiac origin of syncope or 
presyncope is not ascertained despite the use of a Holter 
recording, tilt test, and neurological study to rule out cer- 
ebral origin, to perform an EPS may be useful. The exist- 
ence of a long HV interval (>70ms for some authors, 
>100ms for others) (Figure 11.55) or the induction of 
infrahisian block by atrial pacing make pacemaker implan- 
tation advisable (Narula 1979; Chamberlain 1980). 

e We recommend consulting Bayés de Luna (2011) and 
the ACC/AHA/ESC guidelines. 


Trifascicular block 

The variations of trifascicular block are numerous (Bayés 
de Luna et al. 1998) (see Figure 11.2). The following are the 
most frequent trifascicular blocks: 

e All bifascicular blocks mentioned in Figure 11.48 in 
which alternance with blocks of other fascicles occur. 


Vi Vy 
eu 
! ~ 
a | + fa ta 
Vp V5 


/ miari pe 
i 


200 Abnormal ECG Patterns 


The most frequent case is the association of RBBB with 
SAH, alternating with RBBB and IPH. It merits the name 
“Rosenbaum-Elizari’s syndrome” (Rosenbaum et al. 
1967) because of the detailed description of the associa- 
tion made by these authors (Figure 11.56). This ECG pat- 
tern is equivalent to advanced AV block and indicates 
urgent pacemaker implantation. 

e Another possibility may be bifascicular block with a long 
PR interval (e.g. RBBB + SAH and long PR, or RBBB + IPH 
and long PR) probably due to trifascicular block caused by 
a conduction delay in one of the two remaining fascicles. 

e On occasion, advanced RBBB or LBBB with long PR or 
second-degree AV block may be a type of trifascicular 
block. An example of this is advanced global RBBB with 
first-degree block of the superoanterior and inferoposte- 
rior fascicles that could account for a long PR. 

e Some cases of masked block are in fact trifascicular 
blocks. 

It must be remembered that the long PR interval may be 
due to a delay produced in the bundle of His. In this case, 
trifascicular block does not occur and consequently intra- 
cavitary recording must be made to determine exactly 
where the PR delay is being produced. However, in clinical 
practice this will not change the management of our patients. 


Delayed diffuse intraventricular 
ORS activation 


Some patients, especially those with IHD or 
cardiomyopathy but also has been found in studies 
performed with general population probably as a sign of 
subclinical disease, who present with a QRS duration 
2110ms, without any ECG pattern of bundle branch 
block. Recently it has been demonstrated that these cases 
are associated with increased mortality even in the 
absence of overt heart disease (Aro et al. 2011). 
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Chapter 12 


Ventricular Pre-excitation 


Concept and types of pre-excitation 


The term “ventricular pre-excitation” implies that the 
myocardium depolarizes earlier than expected if the 
stimulus follows the normal pathway through the specific 
conduction system (Wolff et al. 1930). In fact, this is not 
really what happens before excitation (pre-excitation). 
Instead, it refers to ventricular excitation occurring earlier 
than expected. 

Three types of pre-excitation have been defined: 
e Wolff—Parkinson—White pre-excitation (WPW) (Table 
12.1 and Figures 12.1 and 12.2), in which the early 
excitation is caused by muscular connections composed 
of working myocardial fibers that connect the atrium and 
ventricle, bypassing the atrioventricular (AV) nodal 
conduction delay. These comprise the accessory AV 
pathways that are known as Kent bundles. 
e Atypical pre-excitations, encompassing different long 
anomalous pathways or tracts showing decremental 
conduction, localized on the right side of the heart. This 
type of pre-excitation includes the classical Mahaim fibers 
(Sternick and Wellens 2006) (see Atypical pre-excitation, 
below). 
e Short PR pre-excitation (Lown et al. 1957), where the 
early excitation is due to an accelerated conduction 
through the AV node and, in some cases, is due to the 
presence of an atriohisian tract (Figure 12.2) (see Short PR 
interval pre-excitation). 


WPW-type pre-excitation (type 1) 


Concept and mechanism 
WPW-type pre-excitation occurs by means of the presence 
of accessory AV pathways (Kent bundle) (Figure 12.3). 

In general, only one accessory pathway (AP) exists 
(>90% of cases) and conduction is usually fast and in both 
directions (anterogradely and retrogradely) («2/3 of 
cases). On certain occasions (20%), the conduction of the 


AP occurs only retrogradely (concealed WPW). Other 
WPW-type pre-excitations are much more rare (Table 12.1). 

These APs form a circuit (specific conduction system 
(SCS)-ventricle-AP-atrium-SCS) with anterograde or 
retrograde conduction, which constitutes the anatomic 
substrate of reentrant arrhythmias that are frequently 
observed in the presence of WPW-type pre-excitation 
(WPW syndrome). Table 12.1 shows the most characteris- 
tic ECG morphologies in sinus rhythm and during a 
tachycardia episode, according to the anatomic and func- 
tional properties of the different types of pre-excitation 
(anterograde and/or retrograde conduction, and fast or 
slow conduction). 


ECG characteristics 

The ECG changes are only observed when anterograde 
conduction exists. They consist mainly of a short PR 
interval and an abnormal QRS complex with initial 
slurrings (delta wave). 

The short PR interval occurs because the sinus stimulus 
reaches the ventricles through the AP sooner than through 
the SCS. The presence of an abnormal QRS complex is the 
result of the ventricular activation taking place through 
two pathways: the normal AV conduction and the AP (a 
Kent bundle). These results in slightly early activation of 
the ventricles in subepicardial zones where there are very 
few Purkinje fibers. This explains not only the early QRS 
complex (short PR interval), but also the delta wave as the 
result of the slow activation of the myocardial tissue. The 
rest of the myocardial mass is activated through 
the normal pathway (SCS). The QRS complex is thus a 
genuine fusion complex. 

Depending on what myocardial areas are activated 
through one pathway or the other, the QRS complex will 
show a greater or lesser degree of abnormality, and 
therefore a greater or lesser degree of pre-excitation. 

In the rare cases of type 2 pre-excitation (Table 12.1), the 
baseline ECG may have morphologies varying from 
normal to subtle evidence of minimal pre-excitation that 
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*A, B, C, D. Points of onset of ventricular 
activation 

Cardiac muscle 

Mg Central fibrous body 

1. Bundle of Kent (A) ventricular wall (b) 

2. AV node 

3. Atriohisian 

4. His/fascicle 

5. Atrium fascicle 

Coronary sinus (CS) 


Figure 12.1 Right lateral view of the accessory 
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Figure 12.2 Left top panel: Diagram of the P-QRS relationship in normal cases. AB: P wave; BC: PR segment; CD: QRS. Middle panel: WPW-type 
pre-excitation (the broken line represents the QRS complex if no pre-excitation occurred). AD distance is the same as under normal conditions, 
with a wide QRS complex in detriment to the PR segment (BC distance), which partially or totally coincides with the delta wave. Lower 
panel: in cases of short PR segment, the QRS complex is shifted forward because the PR segment is shortened or may even disappear. Top right: 
Four examples of delta wave (arrow) by increasing order of relevance. (D) Atrial fibrillation patient in whom the first QRS is conducted over the 
normal pathway, while the second QRS is conducted over the accessory pathway with maximum pre-excitation. Middle panel: example of four 
complexes with pre-excitation, with an average-sized delta wave. Lower panel: four complexes in a case of short PR pre-excitation. 


looks like cases with left bundle branch block (LBBB) pat- 
tern (see Atypical pre-excitation, below). In type 3 pre- 
excitation, the only anomaly of the ECG is the short PR 
interval (see Short PR interval pre-excitation, below). 


PR interval 

This generally ranges from 0.08 to 0.11s. Cases with a 
normal PR interval are rare. They may occur due to the 
presence of a long left AV AP Kent bundle type with 
delayed atrial conduction. In this scenario, even though 


the ventricular activation is performed through a classical 
Kent bundle, the PR interval is usually at the lower limit 
of normality (0.12-0.13s), and therefore is not considered 
short. It is, however, shorter than when no pre-excitation 
occurs, as conduction through the normal pathway would 
have a longer PR interval. 

A normal PR interval may also exist in the following 
cases: atypical long  atriofascicular/atrioventricular 
anomalous tracts with slow conduction or other atypical 
tracts, including the classical Mahaim fibers (very rare). 


Ventricular Pre-excitation 205 


Table 12.1 Pre-excitation types: (1) WPW-type pre-excitation; (2) atypical pre-excitation; (3) short PR-type pre-excitation. Surface ECG rate 
and characteristics in sinus rhythm and during paroxysmal tachycardia episodes, according to the functional characteristics of the different 


types of pre-excitation 


Accessory pathway Frequency ECG in sinus rhythm ECG during tachycardia 
Type 1 (a) Fast conduction in both 60-65% Short PR No ô wave 
ways: AV accessory pathway 5 wave RP’ < P’R 


(classical Kent bundle) (see 

Figures 9.1-9.7) 

(b) Fast conduction in the AV 20-30% Normal PR 
accessory pathway (only in No ô wave 
retrograde direction) (concealed 

pre-excitation) 

(c) Fast conduction in the AV 5-10% Short PR 
accessory pathway (only in 5 wave 
anterograde direction) 

(frequently two or more 

bundles involved) 


No 6 wave 
RP’ < PR 


Wide QRS due to an anterograde conduction of the 
stimuli through the accessory pathway (antidromic 
tachycardia) 


(d) Only retrograde and slow = 5% Normal PR Frequently incessant tachycardia with RP’ > P’R. 
conduction through AV No ô wave 
accessory pathway 
(e) Presence of >1 accessory 5-10% May switch from one to Antidromic tachycardia or alternating antidromic/ 
pathway another QRS morphology orthodromic tachycardia 
qrs or qRs in V1 Alternation of short and long PR 
This diagnosis is generally Morphology changes in ectopic P wave 
difficult based only on a Electrophysiological studies confirm this diagnosis 
surface ECG 
Type2 Slow anterograde conduction, Rare Non-existent or slight Antidromic tachycardia with anterograde conduction 
generally through a long pre-excitation (i.e. no Q in hrough the right atriofascicular tract and retrograde 
atriofascicular tract (distal right V5-V6, with borderline PR conduction through the RBB. Therefore, it features a 
branch), without retrograde and uncertain 6 wave, and LBBB morphology. Compared with the antidromic 
conduction (including classical rS in Ill). This is due to the achycardias (generated due to anterograde conduction 
Mahaim? fibers-node slow conduction through hrough a right AV accessory pathway—Type C in 
ventricular or fasciculo the abnormal tract. his table), features a narrower ORS complex and a 
ventricular) Globally the ECG is normal delayed transition to RS in precordial leads (compare 
or presents different grades Figures 15.16 and 16.18) 
of LBB pattern 
Type3 AV node accelerated Rare Short PR interval ormal QRS complex 
conduction, sometimes due to No ô wave o 6 wave 


an atriohisian tract (short PR 
pre-excitation) 


“Today it is believed that the classical Mahaim fibers (nodoventricular and fasciculoventricular fibers) initiate paroxysmal tachycardias less frequently 
than the right atriofascicular tracts. Currently it is considered that they are not involved in the circuit which triggers the tachycardia, which is usually 


due to a right atriofascicular tract, as previously mentioned. 


These tracts may partially or completely prevent the slow 
intranodal conduction (Sternick and Wellens 2006) (see 
Atypical pre-excitation, below). 


Ventriculogram alterations (Figures 12.5 and 12.6) 
The QRS complexes show an abnormal morphology 
wider than the baseline QRS complex (frequently 20.11 s) 
with characteristic initial slurrings (delta wave) due to the 
activation being initiated at the working contractile myo- 
cardium in an area with few Purkinje fibers. The degree of 
abnormality of the QRS complex depends on the amount 
of ventricular myocardium that has been depolarized 
through the AP (Figure 12.1, arrow from A to D). 


The QRS complex morphology in the different surface 
ECG leads depends on which epicardial area is excited 
soonest. Studies correlating surface ECGs, vectorcardiog- 
raphy (VCG), and epicardial mapping performed during 
surgical ablation of APs by the Gallagher group (Tonkin et 
al. 1975) have shown the value of studying delta wave 
polarity to identify the site of earliest ventricular epicar- 
dial excitation. The first 20ms vector in the ECG (first 
delta wave vector that can be measured on the ECG) is 
situated in different places on the frontal plane (in the 
horizontal plane it is always directed forward), depending 
on the site of earliest ventricular epicardial excitation. 
These studies precisely locate the AP according to the 
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surface ECG findings, at 10 sites around the AV ring 
(Gallagher et al. 1978). There is an electrophysiological 
statement (Cosio et al. 1999) to standardize the terminology 
of APs around the AV junction. 

Milstein et al. (1987) (see Figure 12.8) described an 
algorithm that allows the correlation of the alterations 
found in the surface ECG with four ablation zones. From 
a practical point of view, the WPW-type pre-excitation 
may be classified into four types based on these findings: 
anteroseptal, right ventricular (RV) free wall, inferoseptal, 
and left ventricular (LV) free wall (Bayés de Luna 2011) 


Figure 12.3 WPW-type pre-excitation morpholo- 
gies according to the different localization of the 
AV accessory pathway: (A) Right anteroseptal 
area (RAS); (B) right ventricular free wall (RFW); 
(C) inferoseptal area (IS); and (D) left ventricular 
free wall (LFW). 


(Figure 12.3). A complete EPS should be carried out to 
precisely identify the exact location of the AP before 
performing an ablation. 

In Figures 12.4-12.7, we can see examples of QRS 
morphologies in these four electrocardiographic modali- 
ties of WPW-type pre-excitation. Types I and II mimic a 
LBBB, with a more deviated left axis (AQRS beyond +30°) 
in type II, whereas in type I the AQRS is usually between 
+30° and +90°. In type III the QRS is predominantly 
negative in inferior leads, especially in III and VF, with R or 
RS morphology in V1 or V2, and the AQRS is between -30° 


Figure 12.4 Two examples of 
WPW type I pre-excitation. 

(A) Important pre-excitation in a 
65-year-old patient with intermit- 
tent WPW. (B) Slight pre-excitation 
in a 25-year-old patient with mitral 
stenosis. Observe in both cases the 
short PR and the positive delta 
wave in every lead except VR, 
where it is negative, and V1 where 
it is positive. The case on the 

left (A) can be confused with 
advanced LBBB and the case on 
the right (B) with not advanced 
LBBB. 


Figure 12.5 (A) ECG-VCG of a 
patient with WPW type II (Ha: 
amplified horizontal plane). The 
arrows indicates the end of the delta 
wave. (B) Another ECG-VCG of a 
patient with WPW type II. 


and -90°. Type IV has a predominantly negative morphol- 
ogy in lateral leads (I, VL) and a generally high R wave in 
leads V1 or V2, with a right axis deviation (AQRS beyond 
+90° up to +150°). 

Type IV is the most frequent (=50% of cases) followed 
by inferoseptal (25%). The APs in close proximity to the 
bundle of His are located in the anteroseptal zone, close to 
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the anteroseptal and midseptal tricuspid annulus (Arruda 
et al. 1998). The incidence is rare (1-2%), but it is impor- 
tant to localize them precisely by electrophysiologic stud- 
ies (WPS) because they may present with AV block during 
the ablation procedure. 

Other algorithms have been published (Lindsay et al. 
1987; Chiang et al. 1995; Iturralde et al. 2006). Yuan et al. 
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Figure 12.6 A WPW patient with the accessory pathway located 
in the inferoseptal heart wall (type III WPW). This case may be 
mistaken for an inferior infarction, right ventricular hypertrophy, 
or right bundle branch block (RBBB). 


A 


(1992) carried out a comparative study of eight algorithms, 
some of which allow for a better identification of the 
different types of septal pathways. They are difficult to 
memorize, and they are neither sensitive nor specific for 
all the cases. Later, Basiouny et al. (1999) reviewed ten 
algorithms and found that the PPV was lower in those 
algorithms aimed at reaching a more precise localization 
(>six sites), whereas PPV was found to be higher (>80%) 
when the AP was located on the left side. Because their 
reproducibility is not very high, it is advisable that each 
center become more familiar with the algorithm they 
consider best suited to their needs. A complete EPS 
should, therefore, be carried out to precisely identify the 
exact location of the AP before performing an ablation. 


Repolarization alterations 

Repolarization is altered except in those cases with minor 
pre-excitation. These changes are secondary to depolari- 
zation alterations, and become more pathologic (more 
significant opposing polarity when compared with that of 
the R wave) as the degree of pre-excitation increases 
(Figure 12.2). 

When pre-excitation is intermittent, the complexes con- 
ducted without pre-excitation may show repolarization 
alterations (negative T wave), which are explained by an 
electrical “electrical memory phenomenon” (Chatterjee 
et al. 1969; Nicolai et al. 1981; Rosenbaum et al. 1982). 


Figure 12.7 Two cases of WPW 
patient with the accessory 
pathway located in the left 
ventricular free wall (type IV 
WPW). These cases may be 
mistaken for a lateral infarction, 
right ventricular hypertrophy, or 
right bundle branch block. 


4 Delta wave negative or isoelectrical in |, VL or Vg 
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v vy 
Yes No 
v M 
LVW* | Delta wave negative or isoelectrical in two of the three derivations Il, III, VF 
M Yy M ¥ 
Yes No Yes No 
y y y y 
AS LVW Rs or RS in V4, V2 or V3 LVW* 
v Vv Y M 
Yes No Yes No 
v Vv Vv 
IS RVW Rs or RS in V; or V2 


Figure 12.8 Algorithm used to localize 
the accessory pathway in one of the 
four ablation areas: right anteroseptal 
(RAS); right ventricular free wall 
(RFW); inferoseptal area (IS); and left 
ventricular free wall (LFW) (see text). 


Figure 12.9 Atrial fibrillation 
episode (A) and supraventricular 
paroxysmal tachycardia (B) in the Vi 
same patient with WPW syndrome. 
See the typical ECG patterns in 
both cases. (C) Patient with WPW 
syndrome presenting with a very 
fast atrial fibrillation triggering 

a ventricular fibrillation (arrow). 
This was treated with electrical 
cardioversion. 


iv) 


ECG diagnosis of more than one accessory 
pathway (Wellens et al. 1990) 

Approximately 5-10% of cases involve more than one AP. 
This may be clinically suspected when the patient suffers 
from syncope or malignant ventricular arrhythmia, or 
wide QRS complex paroxysmal tachycardia (antidromic 
tachycardia). 

Some ECG data are indicative of this association, both 
in sinus rhythm and during tachycardia. These are as 
follows: 

e I sinus rhythm: (i) QrS or qRs morphology in lead V1; 
and (ii) morphology changes from one to the other type of 
pre-excitation (Figure 12.10). 


*QRS > 90 ms in I and rS in V, and V, 


1 | 


Yes No | Yes No 
1 4 
AS RVW LVW Undetermined 


e During tachycardia: (i) wide QRS complex or alternat- 
ing wide and narrow ORS complexes; (ii) alternating long 
and short RR; and (iii) changes in the P’ wave 
morphology. 

In general, this diagnosis suspicion should be confirmed 
with intracavitary electrophysiologic study (EPS). 


How to confirm or exclude the presence 

of pre-excitation 

Some patients are referred with suspected WPW pre- 
excitation when none exists and others have a genuine 
pre-excitation and are considered normal. Using a 
selective AV node blocking agent, such as adenosine, may 
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Figure 12.10 Intermittent pre-excitation. In the first three complexes the PR interval is short (80 ms) and the delta wave is observed. In the 
rest of the tracing the delta wave disappears, but a short PR interval is still observed (100ms). Thus, this surface ECG suggests the presence 
of two types of pre-excitation, one of which short circuits the AV node (short PR, QRS with no delta wave), while the other is a pathway 
located in the ventricular myocardium (Kent bundle), since the PR interval is very short and a clear delta wave is seen. 


VL 


Figure 12.11 Intermittent type IV 
pre-excitation: the pattern is similar 
to that observed in a lateral 
infarction (see VL). 


confirm or exclude the presence of pre-excitation 
(Belhassen et al. 2000). 

On the other hand, the presence of the septal Q wave in 
V6 is considered to be evidence that excludes minimal 
pre-excitaton in doubtful cases (Bogun et al. 1999). 

Finally, Eisenberger et al. (2010) has recently shown a 
stepwise approach that is very sensitive and specific for 
excluding or confirming WPW pre-excitation. 


Differential diagnosis of WPW-type 

pre-excitation 

e WPW type I and II pre-excitation may be mistaken for 
LBBB (Figures 12.4 and 12.5A). We have already seen that 
in type II pre-excitation, a left axis deviation of AQRS 
beyond +30° is observed. 

e Type III pre-excitation with an inferior myocardial 
infarction, a right bundle branch block (RBBB), or a 
right ventricular hypertrophy (Figure 12.6). 

e Type IV pre-excitation with a lateral myocardial 
infarction, RBBB, or right ventricular hypertrophy 
(Figures 12.7 and 12.11). 


Associated ischemic heart disease 

It is important to recognize the different signs that allow 
us to suspect the presence of acute or chronic ischemia 
when pre-excitation is present. However, this occurs 
currently very rarely because the presence of WPW pre- 
excitation is less prevalent, especially in adults. 

In the acute phase, the repolarization changes, 
especially the ST segment elevation, may lead us to sus- 
pect acute coronary syndrome (ACS) with ST elevation. It 
is more difficult to make the correct diagnosis in ACS 
without ST elevation. In the chronic phase of Q wave 
myocardial infarction, the association may sometimes be 
suspected when repolarization shows more symmetrical 
T waves (Bayés de Luna and Fiol 2008). 

In any case, the presence of a short PR interval and/or 
a delta wave, always keeping in mind the possibility of 
WPW-type pre-excitation, are key ECG data for the correct 
diagnosis of this condition. 


Associated with bundle branch block 

The presence of short PR and delta wave indicate pre- 
excitation. Therefore, in practice the association is usually 
only diagnosed when the pre-excitation is transient. 
However, there are cases with borderline PR interval or 
pseudo-delta wave such as in cardiomyopathy or peripheric 
bundle branch block in which the association may be sus- 
pected if the bundle branch block is contralateral to the 
pre-excited ventricle (Pick and Fish 1958, Denes 1975). This 
results in QRS that may show an early preexcitation delta 
wave and also a terminal slurrings due to BBB (f.i. left anom- 
alous pathway+RBBB). On the contrary, the presence of BBB 
with ipsilateral preexcitation results in masking the BBB due 
to premature depolarization of the blocked ventricle by the 
anomalous pathway. Patients with Ebstein disease present 
frequently right anomalous bundle and RBBB. Iturralde 
(1996) demonstrated that RBBB pattern is usually masked by 
preexcitation. After ablation the pattern of RBBB may be seen. 


Spontaneous or induced changes of the 

abnormal morphology 

The pre-excitation may be intermittent (Figures 12.10, 
12.11 and 12.13). Sometimes the degree of pre-excitation 
changes progressively (concertina effect) (Figure 12.12). 

The pre-excitation may increase if stimulus conduction 
through the AV node is depressed (vagal maneuvers, some 
drugs such as digitalis, beta blockers, calcium antagonists, 
adenosine, etc.) and vice versa. It may decrease when the 
AV node conduction is facilitated (i.e. through exercise, etc.) 
(Figure 12.13). 

We have already commented on how the presence of 
sudden changes in the QRS complex morphology with the 
delta wave remaining present, or changes from the typical 
WPW pattern to short PR interval alone, demonstrate that 
two pathways of pre-excitation exist (Figure 12.10). 


Arrhythmias and WPW-type pre-excitation: 
Wolff-Parkinson-White syndrome (Figure 12.9) 
Patients with WPW pre-excitation show paroxysmal 
junctional reentrant tachycardia with an AP (AVRT) 
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Figure 12.12 Concertina effect. The five first complexes are identical and show short PR and pre-excitation. In the next four complexes, 
pre-excitation decreases with a shorter PR = 0.12s. The three last complexes do not show any pre-excitation and the PR = 0.16s. 


Holt. 


TM ae eee eee 


Figure 12.13 Conduction occurs via both the normal and the accessory pathway. When the stimulus is conducted over the accessory 
pathway, the PR interval is shorter than when the stimulus is conducted over the normal pathway (0.15s). 


(slow-fast type), accounting for 50% of all junctional par- 
oxysmal tachycardias (see Figures 15.11-15.13). In this 
case, during tachycardia, ventricular depolarization usu- 
ally occurs through the normal pathway, and the AP is 
the retrograde path of the macro-reentrant circuit. For 
this reason, the QRS complex does not show pre-excita- 
tion at this time (orthodromic tachycardia). 

In fewer than 10% of cases of paroxysmal tachycardia, 
antegrade ventricular depolarization takes place over the 
AP, initiating a very wide QRS complex (antidromic 
tachycardia) (see Figure 15.16). Antidromic tachycardia 
frequently involves the presence of two accessory WPW- 
type pathways, one with anterograde conduction and the 
other with retrograde conduction. When antidromic 
tachycardia is the result of an atypical pre-excitation (long 
atriofascicular pathway with decremental conduction) 
(type 2 pre-excitation in Table 12.1), the QRS complex 
morphology of the tachycardia presents some differences 
with respect to the QRS morphology in cases of typical AV 
(Kent bundle) antidromic techycardia. The differences 
particularly concern the R/S transition in precordial 
leads, which is delayed beyond V3 in atypical pre-excita- 
tion (compare Figures 15.16 and 16.18). 

The rare cases of incessant reentrant AV junctional 
tachycardias are explained by a circuit involving an accesory 
pathway with slow retrograde conduction (fast-slow type) 
(Farré et al. 1979; Critelli et al. 1984) (see Figure 15.15). 

Patients with WPW-type pre-excitation present with 
atrial fibrillation and flutter episodes more frequently 
than the general population (Figures 15.31 and 15.41). 
This happens because patients with WPW often present 
with a shorter atrial refractory period and higher atrial 
vulnerability (Hamada et al. 2002). All these properties 
favor the triggering of atrial fibrillation (AF) when a fast 
retrograde conduction of a premature ventricular complex 
over the AP falls in the atrial vulnerable period (AVP), or 
because a patient with paroxysmal reentrant tachycardia 
triggers atrial fibrillation (Peinado et al. 2005). 

In the presence of rapid atrial fibrillation or flutter, more 
stimuli are conducted to the ventricles through the AP than 


through the normal pathway. If one of them falls in the 
vulnerable ventricular period, it may trigger ventricular 
fibrillation (VF) and sudden death (Figure 12.9C) 
(Castellanos et al. 1983). This phenomenon accounts for 
some cases of sudden death, especially in young people, 
although this is fortunately rare. Figure 15.41 shows a 
patient with WPW syndrome and an atrial fibrillation (top) 
and atrial flutter (bottom) episodes. In both cases, the dif- 
ferential diagnosis with ventricular tachycardia (VT) is dif- 
ficult, even more in cases of atrial flutter because the heart 
rate is regular (see Chapter 15, Atrial fibrillation: ECG find- 
ings). In cases of atrial fibrillation, the diagnosis is based on 
the irregularity of the rhythm and the presence of narrow 
QRS complexes, sometimes premature and sometimes 
late, whereas in VT the rhythm is regular and, if narrow 
ORS complexes are present, they are always premature 
(captures) (see Figure 16.15). However, in a 2x1 atrial flut- 
ter with pre-excitation these key points for differential 
diagnosis do not exist. We have to take into consideration 
other clinical and ECG data (history taking, AV dissocia- 
tion, etc.). Figure 12.9A and B shows a patient with both a 
paroxysmal tachycardia and an atrial fibrillation episode. 


e The WPW-type pre-excitation is characterized by 
specific ECG changes. 

e The WPW syndrome is a combination of the WPW ECG 
pattern (the result of the WPW-type pre-excitation) and 
different arrhythmias. 


Clinical implications 

The significance of WPW-type pre-excitation may be seen 
in two ways: 

e If it is not correctly diagnosed it may be mistaken for 
different and serious problems (myocardial infarction, 
bundle branch block and/or ventricular hypertrophy) 
(see before). 

e Its relationship with supraventricular arrhythmias and 
SD. Approximately 40-50% of paroxysmal junctional 
reentrant tachycardias are caused by a circuit including 
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an AP (AVRT) (see Chapter 15, Junctional reentrant 
(reciprocating) tachycardia; Figures 15.11-15.13). 
Paroxysmal tachycardia episodes in patients with WPW 
syndrome may lead to important hemodynamic 
alterations, although generally they have a good 
prognosis. They are, however, potentially dangerous 
because they may trigger a fast atrial fibrillation which 
may lead exceptionally to SD (Figure 12.9C). 

It should be remembered that antidromic tachycardia 
frequently involves the presence of two WPW-type APs, 
one with anterograde conduction and the other with 
retrograde conduction. 

Electrocardiographic criteria have been described to 
allow for the identification of patients at higher risk for 
SD during an atrial fibrillation episode or other supraven- 
tricular tachyarrhythmia episodes. They include the 
following (Klein et al. 1979; Torner-Montoya et al. 1991): 

e a very short RR interval (<220 ms) during spontaneous 
or induced atrial fibrillation; 

e the presence of two or more types of supraventricular 
tachyarrhythmia; 

e the presence of underlying heart disease; 

e the presence of permanent pre-excitation during a 
Holter recording, exercise test, and after the administration 
of certain drugs; 

e the presence of more than one AP. This is frequent in 
the presence of antidromic AVRT. 

Today, performing ablation of the AP with 
radiofrequency techniques is very successful (=90%) and 
recommended, not only in cases of patients meeting high- 
risk criteria for developing malignant arrhythmias (see 
before), but also in any patient who experiences paroxismal 
arrhythmias and in some cases of asymptomatic WPW 
(Santinelli et al. 2009) (Pappone et al. 2012). 


Atypical pre-excitation 


Concept and mechanism 

This group includes those cases of pre-excitation not 
included in the classical Kent bundle group (AV APs), or 
the short type PR pre-excitation group. 

It has been observed that long anomalous tracts, with 
slow anterograde decremental conduction only, exist 
from the right atrium to the right ventricle, known as atri- 
ofascicular and atrioventricular tracts, which constitute 
80% of atypical tracts. Short bundles with slow decremen- 
tal conduction (nodoventricular or fasciculoventricular 
Mahaim-type) formed by Mahaim fibers have also been 
described (Table 12.1) (Sternick and Wellens 2006). 


ECG characteristics 
In sinus rhythm, most atypical pre-excitation cases pre- 
sent with a normal ECG or an ECG with subtle evidence 


“a 


of minimal pre-excitation (absence of “q” wave in V6 and 
I and presence of rS morphology in III lead) that looks like 
LBBB. 

During tachycardia, in general slow decremental right 
atriofascicular or rarely atrioventricular tracts participate 
in reentrant antidromic tachycardias. Anterograde 
conduction is usually over the abnormal tract, whereas 
retrograde conduction is through the right bundle, depo- 
larizing the whole left ventricle through the septum. This 
accounts for the morphology of wide QRS complexes with 
LBBB and left axis deviation of AQRS. Characteristically, 
a late R/S precordial transition is observed (V5-V6) (see 
Figure 15.16). Meanwhile, in cases of antidromic WPW- 
type tachycardia (AV AP) (Kent bundle), the precordial 
R/S transition occurs earlier (V3) (see Figure 16.18). 

If the long tract is atriofascicular, the QRS of the tachy- 
cardia is relatively narrow (<140ms). In the rare cases 
when the long tract is atrioventricular, the QRS is wider 
because the tract inserts directly into the ventricular mus- 
cle and the LBBB pattern is less characteristic. 


Clinical implications 

Today, it is thought that even in the absence of definite 
anatomic correlations, the long right atriofascicular tracts 
with only anterograde conduction probably account for 
most antidromic tachycardias with LBBB morphology, 
which until recently were considered to be related to 
classical Mahaim fibers (Table 12.1, type 2). 

It is currently believed that classical nodoventricular 
or fasciculoventricular fibers described by Mahaim, 
although they exist, are not involved in the tachycardia 
circuit, which, in most cases, comprises a long right AV 
pathway (Table 12.1, type 2). 

The best treatment in these patients with paroxysmal 
tachycardia is ablation of the anomalous tract (Cappato 
et al. 1994). 


Short PR interval pre-excitation (Lown 
et al. 1957) (Figures 12.14-12.16) 


Concept and mechanism 
The short PR interval is generally caused by the presence 
of a hyperconductive AV node, usually related to an anom- 
aly in the AV node that allows rapid conduction to occur. 

Occasionally, it may be caused by the presence of an 
anomalous atriohisian bundle that short circuits the slow 
conduction zone of the AV node. Unlike the WPW syn- 
drome, characterized by an AP (Kent bundle) that is 
implanted in the ventricular working myocardium, in this 
case the anomalous bundle is implanted in the bundle of 
His (Figure 12.1). 

The likelihood that reentrant paroxysmal arrhythmias 
are generated is lower than in WPW-type pre-excitation. 
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Figure 12.14 Scheme of a heart with a right accessory AV pathway, which leads to faster than normal AV conduction (short PR) and early 
activation of part of the ventricles and appearance of abnormal QRS morphology (delta wave) (A). All this may be observed in the first two 
PQRS complexes of the scheme. The QRS is a summation complex due to initial depolarization through the accessory AV pathway (curved 
tracing) and the rest of depolarization through the normal AV pathway (rectilinear tracing). The third P wave is premature (atrial ectopic 
P’) that finds the accessory AV pathway in the refractory period. Due to this, the impulse is only conducted by normal AV conduction 
(rectilinear tracing in AV node) usually with a longer than normal P’R interval, because the AV node is in a relative refractory period. This 
stimulus produces a normal QRS complex (1) and, due to the fact that the accessory AV pathway is already out of the refractory period, 

it enters from behind and is conducted retrogradely to the atria, generating an evident P’ after the QRS complex. In case of reciprocal 
intranodal tachycardia AVNRT, the P’ is within the QRS complex or can be seen in its final part, modifying the QRS morphology. At 

the same time, the impulse re-enters and is conducted down to the ventricles via normal AV conduction (B-2). Due to this macro-reentry 
circuit, the reciprocating tachycardia is maintained. The conduction in this circuit is retrograde via accessory AV pathway (curved tracing) 
and anterograde via the normal AV conduction (rectilinear tracing). The RP’ interval is smaller than the P’R interval, which is typical of the 
reciprocating tachycardia that involves an accessory AV pathway (WPW). 


ECG characteristics 

Here, the only ECG manifestation is a short PR interval 
(Figure 12.15 and Table 12.1). Based on the surface ECG, it 
is impossible to confirm that the short PR is caused by a 
genuine pre-excitation from an atriohisian tract or an 
accelerated conduction through the AV node, as is the 
case with some subjects (with or without heart disease) 
(sympathetic overdrive). 

Intracavitary ECG shows a short atrio-His (AH) inter- 
val (see Figure 15.16) in the presence of accelerated AV 
conduction, whereas in the case of an atriohisian tract, it 
shows a short hisian—-ventricular (HV) deflection, or no 
inscription of the H deflection. 

If AH interval is short but the HV interval is long, the 
PR interval will be normal in the surface ECG (concealed 
short PR) (Figure 12.16B) (Ruiz-Granell et al. 2000). 

When confronted with a short PR interval, we should 
rule out other causes that may initiate such a pattern. In 


exceptional cases, generally with important electrolytic 
disorders, it may be caused by a disturbance in the atrial 
muscle activation (sinoatrial block) in the presence of a 
normal sinus-AV node conduction through the atrial 
bundles. This is known as sinoventricular conduction, 
in which the QRS complex is recorded at time, although 
the P wave onset is delayed, resulting in a shorter PR 
interval that is not caused by an accelerated AV 
conduction but rather by the late inscription of the P 
wave (see Figure 7.3). 


Clinical implications 
Short PR-type pre-excitation is also associated with 
arrhythmias, mainly reentrant supraventricular arrhyth- 
mias, and occasionally with atrial fibrillation that, given 
AV conduction characteristics, may be very rapid. 

In comparison with WPW-type pre-excitation, fewer 
cases of reentrant paroxysmal tachyarrhythmias are 
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Figure 12.15 Example of typical 
short PR interval pre-excitation 
syndrome (0.10s). 


Figure 12.16 (A) A hisiogram showing a 
typical case of short PR syndrome. The PR 
shortening is caused by the AH interval 
shortening (40 ms). (B) In this case the AH is 
also short but due to the presence of long HV 
(HH’ + H’V = 90 ms) the PR interval is normal 
= 500ms ——4 (150 ms) (concealed short PR syndrome). 


observed and the risk of sudden death is probably lower, 
although the occurrence of atrial fibrillation with rapid 
ventriuclar response is a potential risk. 

The hyperconductive AV node may sometimes be con- 
trolled with beta blockers. Patients with an anomalous 
atriohisian bundle and atrial flutter or fibrillation with 
rapid ventricular response require urgent treatment with 
drugs or catheter ablation. 
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Chapter 13 


Ischemia and Necrosis 


Concept 


Myocardial ischemia is defined as the sudden decrease 
or even stop of the flow of oxygenated blood that in nor- 
mal conditions perfuse the myocardial tissue. The pres- 
ence of myocardial ischemia initiates a cascade of events 
(Nesto and Kowaldruk 1987), as summarized in Figure 
13.1, that ends with the appearance of symptoms—angina 
or the equivalent—and often evolves into myocardial 
infarction (MI). Recently, however, Kenigsberg et al. (2007) 
have demonstrated that delay of repolarization (QT 
lengthening and peaked and symmetric T wave) appear 
after a few seconds of coronary occlusion. This probably 
means that the electrical disturbances may be present 
at the same time or even before mechanical alterations. 
Frequently arrhythmias appear and these may even lead 
to sudden death. 

The ECG alterations appear as a consequence of 
the electrophysiological and pathological changes that 
transient or long-lasting ischemia induces in the myocar- 
dial cells. 


Experimental mechanisms of ischemia 


Here we comment on results obtained using different 
methodologies to occlude coronary arteries, and experi- 
ments induced by cooling (equivalent to ischemia) and 
warming different zones of the left ventricle wall. We con- 
sider that these experiments are very helpful in clarifying 
and understanding the mechanisms that explain ECG 
changes in human beings. 


ECG changes after experimental occlusion 

of a coronary artery 

Since the early days of electrocardiography, many studies 
have been published reporting the ECG changes after 
occlusion of a coronary artery (Smith 1918; Bailey et al. 
1943; Hellerstein and Katz 1948; Lengyel et al. 1957; 


Ekmekci et al. 1961; Janse 1982). We will now comment on 
some of these. 

In the 1940s, Bailey et al. (1943) conducted open chest 
experiments in dogs in which the left anterior descend- 
ing (LAD) coronary artery was occluded, with the elec- 
trodes located in the pericardial sac. It was found (Figure 
13.4A) that the first ECG change recorded in the area 
with induced ischemia when the T wave was positive 
was a negativity of the T wave. This was called an ECG 
pattern of ischemia. If the ischemia persisted it was fol- 
lowed by an ST elevation that was called an ECG pat- 
tern of injury. Finally, a Q wave of necrosis appeared, 
which Bayley called an ECG pattern of necrosis (see 
Figure 13.4A). This terminology was accepted by several 
groups (Sodi 1956; Chou et al. 1974) and used in clinical 
practice. Therefore, it was considered that in patients 
with ischemic heart disease (IHD), the presence of a neg- 
ative T wave represented a grade of acute ischemia that 
was less severe and/or persistent than an ST segment 
elevation. 

Later on, Lengyel et al. (1957) found that when the 
experiment to occlude the artery was performed in 
awake dogs with a closed chest, and the ECG was 
recorded with a 12-lead surface ECG, the changes in the 
ECG (Figure 13.4B) were similar to those that occurred in 
coronary spasm or transmural MI in humans (see Figures 
20.9 and 20.45). This means that the negative T wave only 
appeared as a late manifestation, when the acute ischemia 
was already vanishing or had already disappeared. In 
chapter 20 we will comment that clinically negative T 
wave never appears during the acute phase of ischemia 
(pain). May be seen during the evolving phase of STEMI 
if the artery opens, and in the evolution of Q-wave MI, as 
a deep negative T wave, or in some phases of NSTEMI as 
a mild negative T wave (less than 2mm). 

Various studies (Khuri et al. 1975; Franz 1983) have 
recorded unipolar ECG and transmembrane action 
potentials (APs) during regional ischemia produced by 
temporary coronary occlusion in open chest dogs, both in 
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subepicardial and in subendocardial zone (with the 
deepest intramyocardial electrode), and also in the vicin- 
ity of the ischemic area. In all ischemic areas the AP shows 
a progressive decrease of its rate of rise and its amplitude 
(low-quality AP). However the TAP remains normal out- 
side the cyanotic border (the ischemic area). The unipolar 
ECG taken in various ischemic areas records successively 
the positivity of the T wave followed by ST elevation and 
the appearance of Q with a negative T wave, but the AP 
changes record the local electrophysiological changes 
more precisely, which demonstrates that they express the 
changes induced by ischemia better than unipolar ECG 
recordings (Franz 1983). 


Experimental cooling and warming 

the epicardial zone 

On the other hand, in experimental models or anesthe- 
tized dogs with the heart exposed through a sternetomy 
and with electrodes pulled over its surface, Burnes et al. 
(2001) induced a delay of repolarization of the AP of the 
epicardial zone submitted to cooling that overcame the 
duration of the AP of mid-endocardium. This explains 
that the T wave becomes negative (see Figure 13.5A-3). In 
this model, warming the same subepicardial zone pro- 
duces a shortening of AP of this zone and a more positive 
and peaked T wave arises (Figure 13.5A-2). The same dif- 
ference in the duration of AP of the subepicardium 
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Increase filling pressures l 


Contractility alteration 


Relaxation 
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Coronary 10 20 30 
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Time (s) 
Figure 13.1 Ischemic cascade. The figure shows the sequence of 
events in asymptomatic period before angina starts (taken from 
Nesto and Kowaldruk 1987) (see text). 
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(shorter), and mid-subendocardium (longer), could 
theoretically also be obtained by cooling the subendocar- 
dial area. Thus the longer AP of mid-subendocardium 
may explain the wider and peaked T wave observed at 
the onset of subendocardial ischemia. In the experiment 
the evaluation of 12-lead ECGs during cooling and warm- 
ing shows changes similar to those seen in epicardial 
electrograms (see Figure 13.5B and C). 


Correlation with electrophysiological 

and ECG changes 

We will now summarize the correlation of these differ- 
ent types of ischemia or similar damage with electro- 
physiological and surface ECG changes. 


Changes in transmembrane action potential 
According to the importance and duration of ischemia or 
similar damage (cooling the area or the effect of some tox- 
ins), experimental studies (Coksey et al. 1960; Horan et al. 
1971; Burnes et al. 2001) have demonstrated that the APs 
of myocardial cells present changes in both repolarization 
and depolarization: 

e Changes of repolarization: (Lengthening of AP that 
corresponds to lengthening of QT and primary T wave 
changes. The changes of shape of AP caused diastolic 
depolarization of the ischemic tissue that explains the 
changes of ST. 

e Changes of depolarization: Lack of formation of 
AP that explains the presence of the Q wave in the sur- 
face ECG. 


Changes in the surface ECG (Bayés de Luna 
and Fiol 2008; Nikus et al. 2010) (see later) 
The classical ECG changes due to ischemia are the following: 


Changes of repolarization 
e Primary T wave changes include T wave wider, 
peaked, and/or taller in the first stage of acute ischemia. 


PHASE ONE 
Ischemic insult 


PHASE TWO PHASE THREE 
Necrosis Healing 
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Scarring 
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Figure 13.2 The different morphological 
features that appear after coronary 
occlusion (Reproduced with permission 
from Fallon J. Pathology of myocardila 
infarction in atherosclerosis and coroanry 
heart disease. In: Vuster V, Ross R, Topol E 
(eds). Philadelphia: Lippincott — Raven 
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Figure 13.3 Observe how different degrees of ischemia that appear sequentially after total coronary occlusion in a heart without previous 
ischemia (A) explain the ECG morphologies. (B) Ischemia predominant in the subendocardial area (T wave symmetric and usually taller 

than normal with longer QT interval). (C) In the presence of more severe ischemia evolving to transmural injury, ST segment elevation is 

present. (D) If the ischemia persists, transmural necrosis expressed as Q wave of necrosis and a negative T wave appears. 


2 3 
Figure 13.4 (A) Recordings in the case of experimental 
occlusion of left anterior descending (LAD) coronary artery 
in a dog with open heart. (1) Control. (2) ECG pattern of 
ischemia (negative T wave). (3) ECG pattern of injury 
(ST segment elevation). (4) Appearance of ECG pattern of 
necrosis (Q wave) (Adapted with permission from Bailey et al. 
1943). (B) Electrocardiographic—pathological correlations after the 
occlusion of a coronary artery in an experimental animal with its 
thorax closed. (1) Control. (2) It changes from a subendocardial 
ischemia pattern (tall and peaked T wave) to a pattern of an ST 
segment elevation when the acute clinical ischemia is more severe 
and transmural (3). Finally (4), the “q” wave of necrosis develops, 
accompanied as time passes by an increasingly evident 


pattern of negative T wave (see text) (Adapted with permission 
from Lengyel et al. 1957). 


The appearance of T wave flat or negative is a conse- 
quence of ischemia (post-ischemic reperfusion changes) 
(see later). 

e Primary ST deviations include ST segment 
deviations (up and down shifts) from baseline that rep- 
resents acute ischemia with ST elevation (transmural 
involvement) or with ST depression (non-transmural 
involvement). 


Changes of depolarization 

These include the Q wave of necrosis and reciprocal pat- 
terns, and changes in the mid-late part of QRS (fraction- 
ated QRS). 


Other changes 

Other changes include lengthening of QT interval (this is, 
in fact, the first change according to Kenigsberg et al. 
(2007)), QT dispersion, changes of P wave, increase in 
duration and distortion of QRS, active and passive 
arrhythmias and sudden death (see Chapter 20 and Bayés 
de Luna and Fiol 2008). 


Correlation with pathologic changes 

The occlusion of a coronary artery leading to MI 
represents a pathological process that may be divided 
into four phases (Fallon 1996): (i) ischemic insult, (ii) 
coagulation necrosis, (iii) healing, and (iv) scarring. Figure 
13.2 shows the most important morphological features of 
each phase. ECG changes appear very early and last 
throughout this process. This includes ST/T changes and 
the appearance of Q of necrosis. Figure 13.3 shows the 
sequence of appearance of these ECG patterns. First the 
peaked, symmetric, and usually taller T wave and after 
the shifts of ST (ST/T changes) corresponds to the phase 
of ischemic insult, and the appearance of pathologic Q 
waves with negative T waves indicates the phase of 
necrosis. The evolution of Q wave-MI corresponds to 
phases 3 and 4 of Fallon’s classification. 


Correlation between ECG changes, the 
coronary artery involved, and the affected 

left ventricular walls 

We will comment throughout this chapter and in Chapter 
20 on the correlations between the ECG changes, the site 
of the occluded artery, the area at risk (ST/T changes), 
and the final necrotic area (Q wave or equivalent). We will 
always have in mind the importance of the direct and 
mirror patterns (see Figures 13.13 and 13.34-13.38). 


All ECG changes induced by ischemia (T wave, ST 
segment, and Q wave) in the left ventricle are located in 
the four walls of the left ventricle that in agreement with 
the statement of the Imaging Societies of the US (Cerqueira 
et al. 2002), and the statement of the International Society 
for Holter and Noninvasive Electrocardiology (ISHNE) 
(Bayés de Luna et al. 2006; Bayés de Luna and Fiol 2008), 
are named: anterior, septal, inferior, and lateral (see 
Chapter 3). The old posterior wall coincides with the 
inferobasal segment of the inferior wall (Thygessen et al. 
2007). Furthermore, this segment rarely bends upwards to 
become a true posterior position. Usually it remains flat 
and is the posterior part of the inferior wall but not a true 
posterior wall (see Figures 4.1—-4.6). 

Currently we consider that the correlations between 
ECG changes (T wave, ST segment, and QRS) in different 
leads and locations of affected areas are as follows: 

e Leads II, III, VF correspond to the inferior wall. 

e Leads I, VL, V5 and V6, and V1 as mirror pattern 
correspond to the lateral wall. 

e Leads V1 and V2 correspond to the septal wall. 

e Leads V3 and V4 correspond to the anterior wall. 

In this chapter we will focus on the changes in T 
wave, ST segment, and ORS complex that are induced 
by experimental and clinical ischemia and their 
electrophysiologic mechanism in the presence of narrow 
and wide ORS complexes. Later, in Chapter 20, the ECG 
changes that appear during the evolution of different clin- 
ical settings of IHD, their diagnostic criteria, and the most 
important clinical and prognostic implications of QRS- 
ST-T ECG changes and other changes already mentioned 
will be discussed. 


Changes of repolarization: T wave 


Experimental electrophysiological 
mechanisms 
The electrophysiologic explanation of the changes in the T 
wave caused by experimental ischemia or similar damage 
(cooling the area) that produces delay of repolarization in 
the affected zone (prolonged action potential - AP-), with- 
out change in the shape of it may be explained by two 
theories (Sodi 1956; Cabrera 1958; Coksey et al. 1960; Franz 
1983; Burnes et al. 2001; Bayés de Luna and Fiol 2008). 
The first theory is based on AP summation. The same 
reasoning has also been used to explain the appearance of 
anormal ECG (see Chapter 5). Figure 13.6 shows how the 
sum of the APs of the subendocardium and subepicar- 
dium, when the delay of repolarization due to ischemia is 
in the subendocardium or in the subepicardium respec- 
tively, may explain the appearance of a taller or wider T 
wave (ECG pattern named subendocardial ischemia) 
(Figure 13.6B) or a flat or negative T wave (ECG pattern 
named subepicardial ischemia) (Figure 13.6C,D). Both 
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cases are caused by delay of repolarization in the affected 
area and present with a lengthening of the QT interval. 
The second theory is the theory of the ischemic vec- 
tor. According to this theory, the area with delayed TAP 
(named the ischemic area), either in the subendocar- 
dium (Figure 13.7B) or in the subepicardium (Figure 
13.7A), was not fully repolarized at the time when the 
other area was already repolarized. Therefore, it still 
presents with negative changes. As repolarization starts 
in the zone that is less ischemic, the sense of repolariza- 
tion (w>) will face the more ischemic zone. However, 
as this zone still has negative changes, a flow of current 
having a vectorial expression is generated going from 
more ischemic to less ischemic area. Therefore the 
ischemic vector directed away from the ischemic area 
produces a more positive T wave in experimental 
subendocardial ischemia and a flat or negative T wave 
in experimental subepicardial ischemia. Note that the 
vector of necrosis is also directed away from the necrosis 
area (see Figure 13.61), but in contrast, the vector of 
injury is directed toward the injured area (Figure 13.24). 


Changes of T wave in patients with ischemic 
heart disease (see Table 13.1 and Chapter 20) 
The normal T wave (see Chapter 7) is asymmetric and is 
positive in all leads apart from VR and often V1, and on 
occasion in III, VF, and rarely II and even VL in the case of 
vertical heart with rS or QS, and usually negative P wave. 
The normal negative T wave is of low voltage (except VR) 
and asymmetric. Therefore, the appearance of a flattened 
or negative and symmetric T wave in other leads (V2-V6, 
I, II, and in general V2 and VL) is abnormal, and also is 
suspicious a positive, tall, and symmetric T wave, and its 
presence in V1 is also abnormal. 

Table 13.1 shows the current ECG criteria for T changes 
due to ischemia. However, in our opinion T inversion 
usually is a sign of reperfusion and therefore is not due 
to acute ischemia (post-ischemic change) (see later) and 
Chapter 20 - ECG in NSTEMI). 


Peaked, symmetrical, wider, and/or taller T wave 
(Figures 13.10 and 20.5) 

Mechanism 

As a consequence of occlusion, the first effect is 
subendocardial involvement in the left ventricle (Figure 
13.3B). As a result of the delay of repolarization in this 
area (prolonged AP without change of its shape) (Figure 
13.6B and 13.7B), a peaked, wide, and usually tall T wave 
appears, accompanied by QT lengthening (T wave of 
subendocardial ischemia). It has been suggested that this 
tall T wave also reflects a release of K (Katz 2001). In fact 
the subendocardium is more vulnerable to ischemic dam- 
age than the subepicardium. Different factors explain the 
susceptibility of the subendocardium to the development 
of ischemia. These include the characteristics of subendo- 
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Figure 13.5 (A) Transmembrane 
action potential (AP): control (1) 
and after warming (2) and cooling 
(3) the epicardium. It is seen that 
after cooling (3), equivalent to 
ischemia, there is a delay of AP of 
Twave subepicardium that explains the 


— Control 
— Cool 


negativity of the T wave. After cooling 
| [3] the mid-endocardium area there is 
| probably a delay of AP of this area 
| that explains the existance of a voltage 
| gradient similar to what would exist 
| in the presence of warming the 
epicardium (2), which explains the 


appearance of a taller and wider 
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| B] l C show the ECG changes in surface 
| ECG after cooling (B) (negative 

| E y T wave) and warming (C) (positive 
T wave) the epicardium (1, 2 and 3 
surface ECG leads) (Reproduced with 
permission from Burnes JE, Ghanem 
RN, Waldo AL, et al. 2001.) 
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Figure 13.6 Explanation of how the sum of the transmembrane action potentials (APs) from the subepicardium and the subendocardium 
explain the ECG, both in the normal situation (A), in the case of experimental subendocardial ischemia (B) (tall and peaked T wave) and in 
mild (C) and severe (D) experimental subepicardial ischemia (flattened or negative T waves). This is the consequence of the repolarization 


delay in ischemic areas and the more prolonged AP. Clinically ischemia is never exclusivelly subepicardial. Negative T wave related to 
ischemia may be seen in post Q-wave MI (E), and also when the surface ECG records the gradient of voltage between the transmural involved 
area probably due to edema (Migliore 2011) (longer AP) and the rest of the left ventricular wall (F) (see text, Figure 13.7, and Chapter 20). 


cardial coronary flow, the greater dependence of this 
region on diastolic perfusion and the greater degree of 
shortening and therefore of energy expenditure of this 
area during systole (Bell and Fox 1974). Epicardial steno- 
sis is associated with reduction in the subendocardial to 
subepicardial flow ratio. This first prolongs the AP of the 
zone (positive T wave) and if the reduction is greater, the 


AP changes its shape (ST depression) (Dunker et al. 1998; 
Figure 13.8). 

Thus in the subendocardium after epicardial coronary 
occlusion, the wave front of ischemia starts (Reimer et al. 
1981) (Braunwald’s 2012, p. XII). If more important subendo- 
cardial ischemia exists, the AP of the area will present not 
only longer duration but also smaller area. The sum of two 


Figure 13.7 (A) Subepicardial experimental ischemia. 
Subendocardial repolarization is complete, but the transmembrane 
action potential (AP) in the subepicardium still shows negative 
charges and is longer than normal (AP prolongation further beyond 
the dotted line) because the subepicardium is not completely 
repolarized yet. Thus, the vector of ischemia that is generated 
between the already polarized area in the subendocardium with 
positive charges and the subepicardial area still with an incomplete 
repolarization (with negative charges) due to the ischemia in that 
area, is directed from the subepicardium to the subendocardium, 
with the head of the vector coinciding with the positive charge of 
the dipole of repolarization. Therefore, the subendocardium is 

faced with the vector head (positive charge of the dipole), which 
explains why the T wave is negative in the subepicardium. (B) In 
subendocardial ischemia (experimental and clinical), a similar but 
inverse phenomenon occurs, which explains the development of 
peaked, longer and positive T waves (see also Figure 13.6). If more 
important subendocardial ischemia exists, the AP of the area will 
present not only longer duration but also smaller area. The sum of 
two AP explains the ECG pattern with some ST depression and tall T 
wave (C)(see text). In D, the AP of involved transmural area due, at 
least sometimes, to edema (E transmural edema seen in CV magnetic 
resonance) is longer but with similar shape of the rest of LV. The 
recording electrode faces the tail of ischemic vector and records 
negativity (deep negative T wave sometimes seen in evolving phase 
of STEMI) (D and E) (Migliore 2011) (see Figure 30.6F). 


Ischemia and Necrosis 221 


Epicardial arter 


Intramural Subepicardium 


artery 


Arteriole 


Subendocardium 


Subendocardial s 
plexus Diastole 2.2u 


(External) superficial 
spiral muscle 


Subepicardium 


Deep constrictor EAN 
muscle 1.94 
Subendocardium 
(Internal) superficial | 
spiral muscle Swit 
Systole 1.64 


Figure 13.8 Cross-section of the left ventricular wall in 
diastole and systole. Factors involved in the susceptibility of 
the subendocardium to the development of ischemia include 
the greater dependence of this region on diastolic perfusion 
and the greater degree of shortening—and therefore of energy 
expenditure—of this region during diastole (Reproduced with 
permission from Bell J, Fox A. 1974.) 


AP of the subendocardium and the subepicardium (Figure 
13.3C) explains the ECG pattern with mild/moderate ST 
depression and tall T wave that is seen sometimes in the 
acute phase of STEMI due to LAD subocclusion (De Winter 
2008) (Figure 20.9). Also it has been demonstrated with CV 
magnetic resonance (CE-CMR) (Marholdt et al. 2005) that the 
first area where appears a wave front of necrosis starts in the 
subendocardium (Figure 13.9). 


Morphology and duration 

The positive T wave seen in the hyperacute phase of 
ischemia is symmetrical and peaked, and often presents 
with high voltage and is usually preceded by a clear ST 
segment, because the T wave arises in the second phase of 
repolarization (Figures 13.6 and 13.7). This is especially 
seen in case of LAD involvement (Figure 13.10C). The 
ST segment in V1-V2 to V4-V5 may be depressed (Figure 
13.10E). However, often there is no ST depression, prob- 
ably because it is already in the first stage of ongoing ST 
elevation (Figure 13.10B,D). It is not always easy to detect 
these changes of T wave (peaked T wave) because they 
are sometimes minor. The earliest change is that the T 
wave becomes symmetric (see Figure 20.13). 

Usually this tall and peaked T wave pattern is very 
transient (see Figure 20.6B-1). However, sometimes 
the peaked and symmetric T wave, with or without 
mild ST depression, persists for hours and remain 
unchanged until it evolves into Q wave MI, often with 
clear ST elevation (Sagie et al. 1989, De Winter et al. 
2008) (Figures 20.6 B-2 and B-3). This was clearly seen 
in the cases described by Dressler and Roesler (1947) 
(see Chapter 20, Figure 20.9). According to Birnbaum 
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Figure 13.9 The typical pattern 

of ischemic heart disease can be 
explained by the pathophysiology 
of ischemia studied with contrast 
enhanced cardiovascular magnetic 
resonance (CE-CMR). Little or no 
cellular necrosis is found until 
about 15 minutes after occlusion. 
After 15 minutes, a “wavefront” of 
necrosis begins subendocardially 
and grows towards the epicardium 
over the next few hours. During 
this period the infarcted region 
within the ischemic zone increases 
continuously towards a transmural 
infarction (Reproduced with 


Non-ischemia 


Ischemic (viable) 


permission from Marholdt et al. 


Necrotic 2005.) 


Figure 13.10 A normal variant tall T wave. B to E Morphologies of taller than normal T wave in patients with ischemic heart disease. (A) 
Normal variant. (B) T wave very tall not preceded by rectified ST segment: this morphology is frequently observed as a transitory form to 
ST elevation. (C) A tall T wave, very symmetric and with rectified ST segment completely abnormal in V2 lead, which may be frequently 
observed in a hyperacute phase of STEMI before ST segment elevation (see Chapter 20, Figure 20.6). (D) V2 lead: T wave with very wide 
base and straight ascendant slope of T wave that can be seen in a patient with an acute myocardial infarction. This pattern is transitional 
between the typical pattern of tall T wave of subendocardial ischemia to ST elevation. (E) Very tall and peaked T wave preceded by mild 
but evident ST depression. In spite of the presence of mild ST depression this is a pattern of evolutive ST segment elevation acute coronary 


syndrome (STEMI) (see Figure 20.9). 


et al. (1993b), the cases of persistent tall T wave corre- 
spond to grade I of ischemia, although in the series 
reported by De Winter et al. (2008) there is at least a 
moderate increase of biomarkers. These cases have 
tight or even total LAD occlusion, but without trans- 
mural involvement due to collaterals/ preconditioning. 
The amount of necrosis at this time is probably at least 
moderate but we can presume that this pattern does 
not represent at this moment complete transmural 
involvement. However, if not treated, it will usually 
develop into transmural homogeneous involvement 
with ST elevation Q wave MI (Dressler and Roesler 
1947; Sagie et al. 1989) (Figures 20.8 and 20.9) (see 
Chapter 20). Therefore we consider that an urgent per- 
cutaneous coronary intervention (PCI) is recommended 
although it is not considered in the guidelines (p.XI). 
(see Chapter 20). 


As mentioned earlier, the results of studies on the 
experimental occlusion of coronary arteries in animals 
with closed chest (Lengyel et al. 1957) agree with the ECG 
changes that often appear in various clinical settings 
of transmural ischemia and that are a consequence of cor- 
onary occlusion, such as coronary spasm (see Figure 
20.46), hyperacute phase of STE-ACS (Figure 20.6B) and 
PCI (see Figures 20.14 and 20.15) and also occasionally 
during exercise test (Table 25.6). In many cases, after a 
short period of peaked T wave with QT prolongation, if 
ischemia persists, an evident ST segment elevation 
appears and, later on, the ECG pattern evolves to Q wave 
MI (Figure 13.31 and 20.6 B1). 

In addition, a tall, positive, and symmetrical T wave 
is frequently seen in V1-V3 in the chronic phase of lateral 
or inferolateral Q wave MI. This is not an expression of 
the subendocardial ischemia, it is a mirror pattern of a 
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Figure 13.11 (A) ECG with a quite negative T wave in V1-V2 to V5, with extension to I and VL in a patient with ACS, without chest pain, 


corresponding to a critical lesion in the proximal part of the left anterior descending (LAD) coronary artery that practically normalizes 
during a chest pain crisis (B). This corresponds to an atypical pattern of ST segment elevation acute coronary syndrome (STE-ACS) (see 


Figure 20.6C). The normalization of this pattern is an intermediate situation between the negative T wave and the ST segment elevation 
that would appear if the chest pain were more intense and prolonged. It is quite important to bear this in mind and to perform sequential 
ECGs, as the normal ECG during the angina crisis can provide quite confusing and dangerous information. 


A 


Figure 13.12 ECG of 55-year-old man 
without chest pain and with non-ST 
segment elevation acute coronary 
syndrome (NSTE-ACS) (unstable 
angina) and ECG with symmetric and 
mild negative T wave from V1 to V3. 
The coronarography shows important 
left anterior descending (LAD) 
proximal occlusion. 
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Figure 13.13 ECG with a typical pattern of chronic negative T 
wave in the leads facing the inferior wall (negative T wave in II, 
III, and VF) and the lateral wall (positive peaked T wave in 
V1-V2). There is a necrosis in inferior wall with QR complex in II, 
II, and VF. CE-CMR shows that the affected area of lateral wall 
was the basal zone. Due to that there is not RS pattern in V1. 


negative T wave seen in opposed leads as a window effect 
of Wilson (Figures 3.6E and 13.13). 


Flat or negative T wave 
Mechanism 
In clinical setting a presence of flat/negative T wave is 
never presents except in myopericarditis only a subepi- 
cardial involvement. Therefore, the theories that explain 
the presence of flat/negative T waves in experimental 
ischemia (see Figures 13.5 to 13.7) as a result of anoxia or 
similar damage in subepicardial area have a limited 
value in the clinical setting. The mechanism that explains 
the presence of T wave may be different according the 
clinical situation: in post Q-wave MI (see Figure 13.6E) or 
in the evolving course of an STEMI without Q-wave MI 
(Figure 13.6F and 13.7 D and E), or in NSTEMI (see later). 
According to the new universal definition of MI 
(Thygessen et al. 2007) (see Table 13.1 and later), the 
presence of T inversion 20.1 mV in two contiguous leads 
with prominent R or R/S ratio >1 is considered to be an 
ECG manifestation of clinical acute myocardial ischemia. 
It is true that during acute episode of chest disconfort 
the pseudonormalization of previous inverted T wave 
may indicate acute ischemia (Figure 13.11), but the pres- 
ence of a persistent negative T wave is an expression of 
a post-ischemic change more than of acute ischemia. 
The following observations are in favor of the 
suggestion that a negative T wave does not appear during 
acute ischemia and that it corresponds to a post-ischemic 
change (Kjell 2010; Bayés de Luna and Fiol 2008). 
e The morphology of deep negative T wave, appears in the 
resolution process of Q wave MI (Figure 20.3). Sometimes 


the negative T wave is very deep but decreases or even may 
disappear with time (Figures 13.31 and 20.36). The 
appearance of a negative T wave in Q wave MI is explained 
by the recording of intra LV ECG (“window effect”) of 
Wilson (see Figure 13.6E and Q-wave of necrosis. 

e A negative T wave, which is also usually deep, 
appears after fibrinolytic treatment or PCI when the acute 
pain vanishes and is the manfestation of an open artery 
(see Figure 20.12). 

e A negative T wave, frequently very deep, may appear 
in V1-V4 when the pain has already disappeared in 
the evolution phase of STE-ACS due to LAD tight 
subocclusion but without evolving to Q wave MI (Figure 
13.11). This situation in patients with ACS was considered 
a marker of impending MI (De Zwan et al. 1982). In fact, if 
the patient is in the acute phase of an ACS, the artery may 
still reocclude and evolve to complete transmural involve- 
ment and Q wave MI (see Figure 20.6C). Currently with 
the new treatment of acute phase, this usually does not 
occur. The presence of this negative T wave is the expres- 
sion of an at least partially open artery, or even if it is 
totally closed there is no total transmural involvement 
because of the presence of very good collateral circulation 
and/or preconditioning. Therefore, it is necessary to per- 
form PCI but not as an emergency. In these cases the 
affected LV area is transmuraly involved and its AP is 
longer than the rest of LV. Therefore, this transmural zone 
not yet polarized presents more negative changes and the 
ischemic vector leaves this zone and faces the rest of LV 
and the electrode located in the epicardial surface records 
negativity (Figure 13.7D). Recently it has been shown by 
CMR (Migliore 2011) that in some cases transmural 
involvement is due to edema that disappears when the 
negative T wave normalizes (Figure 13.7E). 

e A negative/flat T wave may also be seen in the 
evolution phase of non-ST segment elevation ACS 
(NSTE-ACS) (Figures 13.12 and 20.26) (see Chapter 20) 
(Cannon 2003). The morphology of the T wave is usually 
symmetric and not deep (<2mm) and is usually seen in 
leads with R/S >1 but also in some cases with rS morphol- 
ogy (Figure 13.12). In fact, patients with NSTE-ACS and 
negative T waves have better prognosis, probably because 
this indicates that the clinical acute phase of ischemia is 
over. However, coronary subocclusion, even tight, may still 
exist (see Figure 13.12). Therefore, it is necessary to 
check the clinical data carefully and in the course of NSTE- 
ACS non-emergency PCI is often also recommended in 
these cases. It is not well known the electrophysiological 
explanation of this type of negative/flat T wave. Probably 
there is a difference in the length between the AP of the area 
with negative/flat T wave with transmural involvement 
(longer) and the AP of the rest of LV (shorter), and this may 
explain the ECG pattern. 

e A flat/negative T wave may be seen for years as a 
residual pattern in chronic IHD with or without Q-wave 
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Figure 13.14 Symmetric negative T wave (see leads I and V5) in a patient with hypertension and intermittent complete left bundle branch 
block, who presents with symmetric T wave when the LBBB disappears after a ventricular extrasystole. This is a mixed pattern (ischemia + 
LVH). Also the T wave of complexes with LBBB shows more symmetric morphology than in cases of isolated LBBB. 


Table 13.1 ECG manifestations of acute myocardial ischaemia (in absence of left 
ventricular hypertrophy and left bundle branch block) 


ST elevation 


New ST elevation at the J-point in two contiguous leads with the 


cut-off points: 20.2 mV in men or 20.15mV in women in leads V2-V3 
and/or 20.1 mV in other leads 


ST depression and 
T-wave changes 


New horizontal or downsloping ST depression 20.05 mV in two 
contiguous leads; and/or T inversion 20.1 mV in two contiguous leads 


with prominent R wave or R/S ratio >1 


From Thygessen et al. (2007). 


MI (Figure 13.13). Characteristically, this presents as a 
mirror pattern in the frontal plane (i.e. if negative in II, III, 
and VF, is positive in I and VL). It is important to perform 
differential diagnosis with the negative T wave of pericar- 
ditis, which usually does not present with a mirror pattern 
(see Figure 13.17). 

e A positive T wave never becomes negative during 
angina crisis or positive exercise testing. The change is 
always ST depression, which, if it is very prominent, 
includes a T wave that is seen as negative or just with 
minor final positivity (see Figure 13.26, 20.17, and 20.18). 


Morphology and duration 
Negative T waves are abnormal if present in at least two 
contiguous leads (Thygessen et al. 2007) and may be located 
in different areas of the left ventricle according to the previ- 
ously mentioned established correlations with differ- 
ent leads. In V1-V2 a peaked T wave may be seen as an 
expression of a mirror pattern of the lateral wall (see above). 
The morphology of negative T wave is symmetric and 
shows a mirror pattern in the frontal plane leads (Figure 
13.13). Usually a well-defined isoelectric ST segment is 
observed and sometimes only the second part of the T 
wave is negative (+) (Figure 13.11) because the T wave orig- 
inates in the second phase of the repolarization. In general 
the depth of a negative T wave depends on the intensity 
of the previous ischemia and on the extension of transmu- 
ral homogeneous involvement. Therefore it is much deeper 


(>4-5mm in some leads) in the resolution of STE-ACS 
without Q-wave MI (Figure 13.11) or after evolved Q wave 
MI, or even after fibrinolysis than in cases of NSTE-ACS 
(<1-2mm or even flat T wave) (Figure 13.12). 

However, its duration is in relation to the reversibility of 
the left ventricular damage. In the case of coronary spasm, 
the depth of the negative T wave that appears after the crisis 
is an expression of the severity of the ischemia (grade III 
ischemia), but it is very transient (non-irreversible damage) 
and disappears very soon (ischemia-reperfusion pattern) 
(Figure 20.45). In contrast, after Q wave MI the T wave may 
be more or less deep in different leads according to the 
intensity of the damage, but the duration may lasts forever 
(Figure 13.13). The disappearance of a negative T wave in 
these cases is a sign of good prognosis (Figure 13.31). 

Nevertheless, do not forget that the sudden pseudonor- 
malization of a negative T wave in the evolution of ACS is 
always abnormal and represents an intermediate tran- 
sient situation to an evolving ST elevation (see Figures 
13.11 and 20.6C). 


Diagnosis of negative primary T wave due to 
ischemia or other causes in patients with left 
ventricular hypertrophy and/or wide ORS 

The association of negative T wave due to primary 
alteration of repolarization (ischemia, drugs, electrolite 
disturbances, etc.) with secondary alterations due to 
left ventricular enlargement (LVE) with strain, and/or 
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Figure 13.15 T wave morphologies in conditions other than ischemic heart disease. Tall peaked T wave in case of (A) variant of normality 
(vagotonia with early repolarization); (B) alcoholism; (C) left ventricular enlargement; (D) stroke; (E) hyperkalemia; (F) congenital 
atrioventricular block. 


Table 13.2 Causes of taller-than-normal T wave (aside from 
ischemic heart disease; Figure 13.15) 


IBNS 


ormal variants (vagotonia, sportsmen, etc.) 

Acute pericarditis (usually with mild ST elevation) 
Alcoholism 

Hyperkalemia 

ot longstanding left ventricular hypertrophy (especially in 
cases of diastolic overload, such as aortic regurgitation) 
Stroke 

n V1-V2 as a mirror pattern of lateral ischemia or secondary 
o left ventricular hypertrophy with strain 

Congenital AV block 


Changes inT wave in clinical practice in 
patients with ischemic heart disease 


Peaked, wider, and/or taller T waves 


e These are usually the initial changes in the case of 
occlusion of a coronary artery and sometimes are 
accompanied by ST depression usually mild. 


e In general, The ECG pattern is very transient and is 
explained because the ischemia first has an effect in the 
subendocardium, which produces a delay of repolari- 
zation (AP) in this area (long QT interval). The pattern is 
more persistent meanwhile there is no total transmural 
involvement (collateral circulation or preconditioning). 


e The appearance in the course of ACS of sudden 
pseudonormalization of a previously inverted T wave 
is clearly suggestive of acute ischemia (Figures 13.11 
and 20.6C). 


e These may also be seen in the chronic phase of IHD 
as a mirror pattern of negative T wave. 


Flat or negative T waves 


e The depth of the negative T wave is variable (less 
deep in NSTE-ACS), and the morphology is symmetric 
and with mirror pattern in the frontal plane. 


e Negative T waves do not represent acute 

active ischemia, but rather are the expression of post- 
ischemic changes. In the presence of an isolated negative 
T wave without ST depression when it is present in 
patients with ACS, the pain has already vanished. 


e Acute ischemia (ACS or exercise testing) never 
induces the appearance of negative T wave without ST 
depression. 


e The deep negative T wave that appears in the chronic 
phase of Q-wave MI is an intraventricular LV pattern 
(Figure 13.6E). 


e The ECG changes in STE-ACS are always from 
normal ECG to more positive T wave and ST elevation, 
and in NSTE-ACS directly from normal T wave to ST 
depression, which sometimes includes the negativity of 
a previously positive T wave. 


e Figures 13.6 and 13.7 explain the mechanism of 
changes T wave when a localized ischemia (or similar 
damage) is experimentally produced in the 
subepicardium or subendocardium. These figures also 
explain the ECG pattern of negative T wave when it is 
seen in a clinical setting when the ischemia has 
produced transmural irreversible (MI) or not (edema) 
damage (see text). 


Figure 13.16 T wave morphologies in 
conditions other than ischemic heart 
disease. Some morphologies of flattened 
or negative T wave: (A,B) V1 and V2 of a 
healthy 1-year-old girl; (C,D) alcoholic 
cardiomyopathy; (E) myxedema; (F) 
negative T wave after paroxysmal 
tachycardia in a patient with initial phase 
of cardiomyopathy; (G) bimodal T with 
long QT frequently seen after long-term 
amiodarone administration; (H) negative 
T wave with very wide base, sometimes 
observed in stroke; (I) negative T wave 
preceded by ST elevation in an appar- 
ently healthy tennis player rule out HCM; 
(J) very negative T wave in a case of 
apical cardiomyopathy; and (K) negative 
T wave in a case of intermittent left 
bundle branch block in a patient with no 
apparent heart disease. 


left bundle branch block (LBBB), produces a mixed 
pattern. In these cases the resultant negative T wave 
frequently appears more symmetric (Figure 13.14) (see 
Chapter 7, abnormalities of repolarzation, and Chapter 
10, LVH strain). 


T wave changes in other heart diseases 

and situations 

Differential diagnosis 

Taller T wave 

A long list of conditions, other than IHD, may present with 
changes in the T wave (symmetric, wide, and/or taller 
than normal) (Bayés de Luna and Fiol 2008). Table 13.2 
summarizes the most important conditions, and Figure 
13.15 illustrates some striking examples. 


Flat or negative T wave 
Table 13.3 lists the more frequent causes of flattened or 
negative T wave aside from IHD. Figure 13.16 shows 
some striking examples. 

The most negative T waves usually appear in some 
cases of hypertrophic cardiomyopathy (HCM) (see 
Chapter 21, Figure 21.2) and in some strokes or metabolic 
shock with long OT. 

Chronic pericarditis is the most important condition 
for a clinical differential diagnosis because this disease 
also presents with pain in the acute phase and even may 
present mild increase of enzimes. The negative T wave of 
chronic pericarditis (see Figure 13.17) is usually more 
extensive, does not present mirror pattern in the frontal 
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Figure 13.17 A patient with chronic constrictive pericarditis. The 

T wave is negative in many leads, but not quite deep, without the 
“mirror pattern” in the frontal plane. The T wave is only positive in 
VR and V1 because, as this is a diffuse subepicardial ischemia, they 
are the only two leads in which the ischemic vector that is directed 
away from the ischemic area is approaching the exploring electrode. 


plane, and is less intense (negative) than in cases of IHD, 
especially in post-Q wave MI. However, especially when 
associated myocarditis exists, the pattern may be 
more striking than a case of IHD (Figure 13.18). In fact, 
some type of epicardial involvement often exists in 
pericarditis. In this case the pattern of flat/negative 
T wave is a result of clear subepicardial involvement 
(Figures 13.6 and 13.7). 
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Table 13.3 Causes of negative or flattened T waves (aside from ischemic heart disease) (Figure 13.16) 


1. Normal variants: Children, pertaining to Black race, hyperventilation, women (right precordial leads), etc. 
May sometimes be diffuse (global T wave inverison of unknown origin). More frequently observed in women 


2. 
very important 
3. Cor pulmonale and pulmonary embolism 
4. 
5. Alcoholism 
6. Stroke: not frequent 
7. yxedema 
8. 


must be ruled out 


Pericarditis: in this condition, the pattern is usually extensive, but generally the negativity of T wave is not 


yocarditis (perimyocarditis) and cardiomyopathies: sometimes deep (Figure 13.18) 


Sportsmen: with or without ST segment elevation. Hypertrophic cardiomyopathy, especially apical type, 


9. After the adminsitration of certain drugs: prenylamine and amiodarone (flattened T wave) 
10. Hypokalemia: the T wave can be flattened but usually the ST segment depression is more evident 


11. Post-tachycardia 


12. Abnormalities secondary to left ventricular hypertrophy or to left bundle branch block (asymetric) 
13. Intermittent left bundle branch block and other situations of intermittent abnormal activation (pacemakers, 


Wolff-Parkinson-White syndrome) (asymetric) 


A vi 


It is also important to know that flat or mildly negative 
T waves may appear transiently after alcohol ingestion 
(see Figure 23.18) or even after the administration of some 
drugs (see Figure 23.13). 


Changes of repolarization: ST segment 


Experimental electrophysiologic mechanisms 

The area of the left ventricular myocardium subepicar- 
dium or subendocardium or the zone of tissue (wedge 
preparation of left ventricular muscle) or a single heart mus- 
cle cell close to or far from the recording electrodes with sig- 
nificant and persistent ischemia (called the area of injury) 
present due to different grades of depolarization during 
systole and diastole, two injury currents generated as a 
consequence of this important ischemia—one occurring 
during systole and the other during diastole (Hellerstein 
1948; Cabrera 1969; Janse 1982; Franz 1983, 1984; Coksey et 
al. 1960) (Figures 13.19 and 13.20) (for more information 
consult Bayés de Luna and Fiol 2008, and see general refer- 
ences). However, the injury current generated during 
systole is the only one considered here because ECG equip- 
ment is adjusted by alternating current (AC) amplifiers to 
maintain a stable isoelectric baseline during diastole, despite 
the existence of diastolic depolarization. Without this 


a Fn 


Figure 13.18 (A) ECG of a patient 
with chronic ischemic heart disease. 
(B) ECG of a patient with myopericar- 
ditis. The ECG does not aid in this 
case in establishing the differential 
diagnosis. Even, the patient with 
myopericarditis shows more negative 
and deeper T waves. 


J 
A. Jow i 


Control 6-min occlusion 8-min occlusion 


Figure 13.19 Local DC extracellular ECGs from the left ventriuclar 
subepicardium of an isolated pig heart before (control) and 6, and 8, 
minutes after coronary artery occlusion. Horizontal lines indicate 
zero potential. Note decrease in resting potential (TQ segment 
depression in extracellular complex) and reduction in action 
potential upstroke velocity with the appearance of ST segment 
elevation. After 8 minutes of occlusion the ECG shows monophasic 
morphology. (There is a TQ depression and huge ST segment 
elevation.) After an hour the ischemic zone becomes permanently 
unexcitable. Characteristically, some time before the ischemic cells 
become unresponsive they showed electrical alternance of amplitude 
and duration of action potential (adapted from Janse, 1982). 


adjusted mechanism the changes in the ECG generated by 
the injury would be the sum of TQ plus ST deviations 
(depression or elevation) depending on whether the ECG 
faces the injured area or is in the opposite wall (Figure 13.20). 

Currently, in the surface ECG we only recognize the 
consequences of this systolic depolarization by the 
modification that, according to the membrane response 
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Figure 13.20 The electrode located in the epicardium of anterior cardiac wall records a simulaneous ST segment depression and T-QRS 
elevation after subepicardial ischemia of the lateral wall (arrow) is produced (Adapted with permission from Hellerstein and Katz, 1948). 
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Figure 13.21 Note the relationship between the value of the 
transmembrane diastolic potential (TDP) in millivolts and the 
velocity of response (response dV/dt). 


curve (Singer 1971) (Figure 13.21), is induced in the AP of 
the affected area, which is converted to a “low-quality” 
AP (slower upstroke, lower voltage, smaller area, etc) 
(systolic injury current). This change in AP expression of 
the systolic injury current is responsible for the ST changes 
found in the surface ECG. 

The ST segment changes (ST deviations) caused by 
this important and persistent experimentally induced 
ischemia that produces a “low-quality” TAP in the 
involved area varies depending on the location of 
the injury. An ST segment depression is observed if the 
injury affects the subendocardium or area far from the 
recording electrode, whereas an ST segment elevation 
is recorded if the experimental injury affects the 
subepicardium or area close to the exploring electrode. 

Two theories have been suggested to provide an 
electrophysiologic explanation of these injury patterns 
found in areas with low-quality TAP due to experimental 
subepicardial or subendocardial injury (Coksey 1960; 
Samson 1960; Bayés de Luna and Fiol 2008): 

e The first theory is based on summation of the APs. 
According to this theory (Figure 13.22), the sum of the 
APs of the subendocardium and the subepicardium with 


a AP with slower upstroke and smaller area in the injured 
zone may explain the presence of ST segment depression 
following subendocardial injury (zone with low-quality 
AP) (ECG pattern named subendocardial injury), or of 
ST segment elevation after subepicardial injury (zone 
with low-quality AP in the subpicardium) (ECG pattern 
of subepicardial injury). Figure 13.22D shows how this 
theory may explain the ST elevation in a clinical setting 
when transmural involvement, not only subepicardial 
involvement, exists. 

e The second theory is the theory of the injury vector 
(Figure 13.23). According to this theory, when the zone 
with low-quality AP (injured zone) is on the subendocar- 
dium, at the end of depolarization (end of systole), this 
zone has fewer negative charges because the injured area 
undergoes earlier repolarization. Consequently, a flow of 
current exists from the zone with more negative charges 
(subepicardium) to the low-quality AP zone with fewer 
negative charges (subendocardium). This produces an 
injury vector with lower negative charge (relatively pos- 
itive) in the head, which points to the zone with low- 
quality AP, or the injured zone. Therefore, the injury 
vector points toward the subendocardium (injured zone) 
and is expressed as an ST segment depression in the sur- 
face leads (Figure 13.23-1A). Likewise, when the injured 
zone is on the subepicardium, this zone is also relatively 
less negative (relatively positive) than the normal zone, 
and the injury vector points toward this zone and is 
recorded as an ST segment elevation (Figure 13.23-1B). 
Figure 13.23-2B shows the explanation of ST elevation in 
the clinical setting when transmural involvement and not 
just subepicardial involvement exists. The transmural LV 
injured wall is relatively less negative than the rest of non- 
injured LV wall, and the injured vector faces the surface 
electrode and records an ST elevation (see later). 


ST segment deviations in patients 

with ischemic heart disease (see 

Table 13.1 and Table 20.2) 

In Chapter 7 we commented on the limits of ST segment 
elevation and depression found in a normal population 
(see Figures 7.12-7.17). In the clinical setting, the ECG 
manifestation of acute ischemia in the absence of left 
ventricle hypertrophy or left bundle branch block, in 
respect to ST segment (elevation or depression), accord- 
ing to the new universal definition of MI (Thygessen 
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et al. 2007), is described in Table 13.1. We will refer to this 
throughout this chapter and also in Chapter 20. 

Table 20.2 summarizes the clinical, electrophysiologi- 
cal, coronarographic, and pathological findings that usu- 
ally differentiate STE-ACS from NSTE-ACS (Bayés-Fiol 
2008; Sclarovsky 1999; Wellens et al. 2003). 


ST segment depression (Figures 13.22-13.30) 
Mechanism 

ST-segment depression in clinical practice usually 
appears because the subendocardium is more vulnera- 
ble to ischemic damage than the rest of the ventricular 
wall, and thus, it may be affected without transmural 
involvement if the occlusion is subtotal although the 
injury usually extends beyond the limits of anatomic 
subendocardium (Figure 13.23A-2). When the suben- 
docardial/subepicardial ratio is reduced to approxi- 
mately 40%, the flow ratio decreases dramatically. This 
occurs during exercise and mental stress and also in 
other situations with increased left ventricular end- 
diastolic pressure (Nikus et al. 2010). In these cases, the 
AP of the subendocardium due to extensive and already 


usually existent ischemia shows a fundamental change 
in its shape (see above T wave:, experimental electro- 
physiologic mechanism) and because of that an 
ST depression appears as a consequence of the summa- 
tion of the AP of subepicardium and subendocardium 
(Figure 13.22B) and in the leads facing the tail of the 
injury vector (Figure 13.23A-2). When the number of 
involved leads is important, there are some leads with 
a mirror pattern (see Figures 13.28 and 13.29) (see 
Chapter 20). 

The ST depression appears in relation to the following 
mechanisms: 
e ST depression in V1 to V3-V4 as a mirror pattern of 
transmural injury in lateral wall due to total occlusion of 
the left circumflex artery (LCX) with transmural homoge- 
neous involvement. This is true STE-ACS (STE-ACS 
equivalent). This pattern is the most striking ECG find- 
ing in some of these cases of total occlusion of LCX, with 
sometimes 23-4mm of ST depression, and in the acute 
phase without or with only mild positive final T wave 
and often only mild or even non-existent ST elevation in 
inferior or lateral leads (Figure 20.7). After some time 
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Figure 13.23 (A) In significant experimental subendocardial injury 
(1) (injured zone) the injury vector is directed from the non-injured 
zone (with more negative electric charges) towards the injured zone 
(with fewer electric negative charges, being relatively positive in 
comparison with the non-injured area). The injury vector faces 

the injured zone, while the ischemia and necrosis vectors are 
directed away from the involved area. Therefore, when significant 
experimental ischemia (injury) is located in the subendocardium 
(A-1), the vector is directed from the subepicardium to the subendo- 
cardium and generates ST segment depression in the ECG leads 
facing the subepicardium. In clinical subendocardial injury this is 
predominantly but not exclusively subendocardial (A-2) and the ST 
depression and may be explained by the same mechanism. (B) In the 
case of significant experimental subepicardial ischemia (injured zone 
(B-1), the injury vector is directed towards the subepicardium 
because, in this case, the current flow runs from the subendocardium 
to subepicardium because the subepicardium shows less negative 
changes, and is relatively positive. This generates ST segment 
elevation in the ECG leads facing the subepicardium. In clinical 
practice, exclusive subepicardial ischemia (injury) does not exist. 
The ischemia that first is subendocardial, soon becomes transmural. 
In this case the surface ECG records the pattern as ST elevation (B-2) 
because all the left ventricular transmurally injured wall is relatively 
less negative than the other zones of LV farthest from the electrode 
(see text). 


final positive T wave appears as the expression of evolv- 
ing STE-ACS (mirror pattern of negative T wave in back 
leads. This is important because in cases of ST depression 
due to LAD subocclusion (NSTE-ACS) in the acute phase 
(when is necessary to take the decision to activate the 
cath-lab) there is usually already a final tall T wave (see 
Chapter 20). 

e Pattern of NSTE-ACS. In general, the ST depression 
corresponds to a pattern of NSTE-ACS. This occurs in 
patients usually with pre-existent IHD who present 
with non-total occlusion of the artery. Often an ulcer- 
ated and a ruptured plaque is present, often with angio- 
graphic evidence of thrombus that increases the 
occlusion but without total occlusion of the artery, and 
with no transmural involvement. In these cases, there is 
important impairment of subendocardial flow as a 
consequence of sudden but not total decrease of flow. 
Some cases with NSTE-ACS and ST depression in V1- 
V4 may present with total occlusion of LAD (around 
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1% of all patients with ACS enrolled in the Triton 38 
TIMI trial) (Pride et al. 2010) (Figure 20.23 group A) but 
due to collaterals/preconditioning probably do not 
have homogeneous transmural involvement and there- 
fore do not present with ST elevation. Thus, in spite of a 
totally occluded artery, ECG signs of NSTE-ACS are 
seen. In these cases of tight proximal LAD occlusion 
with ST depression usually presents final positive T 
wave (De Winter 2008) and in spite that are cases of 
NSTEMI as usually evolves quickly to ST elevation and 
Q wave MI it is probably necessary to activate the cath- 
eterization laboratory (see Chapter 20). An even smaller 
number of cases in the same trial present with with ST 
depression in inferior leads with an occluded artery (see 
Chapter 20, Figure 20.3). 

e Patients with IHD during exercise or stress (Figures 
13.26 and 13.27) present with an increased demand of 
flow that cannot be supplied because they already have 
a fixed stenosis with decreased subendocardial flow. In 
these cases, different types of ST segment depression 
may appear (Figures 13.26). As the stenosis is fixed, there 
is no total occlusion and no transmural ischemia, and 
therefore there is no ST elevation unless a coronary 
spasm exists (very rarely) (see Figure 20.50). 


e The STE in ACS appears when complete transmural 
involvement exists with total/near total coronary 
occlusion. 


e However, in the presence of total cororany occlusion 
if there is collateral circulation/preconditioning, there is 
not complete transmural involvement, and the ECG 
pattern is of NSTEMI (see Table 2, Chapter 20). 


Morphology and duration 

In the surface ECG new 2 0.5mm of ST depression hori- 
zontal or downsloping found in two consecutive leads 
measured 60 ms after the J point are sufficient to be con- 
sidered pathological in patients with possible NSTE- 
ACS (chest pain) (Table 13.1). It is important to record an 
amplified (x4) ECG to better assess these small ST 
changes (Figure 13.24). The morphology is usually flat 
or downsloping, and not quickly upsloping (Figures 
13.25 to 13.30). 

The ST segment depression tends to normalize from the 
acute to subacute phase (Figure 13.25). If the ST depression 
is small it is most probably a case of unstable angina. 
However, the distinction between unstable angina and 
non-Q wave MI is shown by the biomarkers. 


The number of leads with ST depression and the 
coronary artery involved in patients with NSTE-ACS 
We comment these aspects more extensively in Chapter 
20 (see Table 20.4). Patients with NSTE-ACS can be 
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Figure 13.24 Observe how an amplified 
ECG (4x) allows the proper asssessment 
of ST segment deviation. (A) Post 
myocardial infarction patient with slight 
ST segment elevation in right precordial 
leads. When amplified ECG is applied, 
at 60ms after the J point an ST segment 
elevation of 6mm can be seen that 
corresponds to 1.5mm in the normal 
ECG (B). 


Figure 13.25 Evolution of 
non-Q-wave myocardial infarction 
with important ST segment 
depression at the beginning which 
normalizes in few weeks (A-D). 


Figure 13.26 Various types of subendocardial injury patterns may appear in the course of an exercise test: (A) horizontal displacement of 
the ST segment, (B) descendant displacement of the ST segment, (C) concave displacement, and (D) ST segment depression from J point 
with ascendant morphology and rapid upslope. This usually is seen in normal cases. The coronary angiography was abnormal in A, B, 
and C, and normal in D. These changes are especially visible in leads with dominant R wave especially V3-V4 to V5-V6, I, and VL, and/or 
inferior leads present with dominant R wave. 


Ischemia and Necrosis 233 


Figure 13.27 Changes of the ST 
segment in a patient with exercise 
angina. (A) The trend of ST 
segment changes and heart rate; (B) 
the different morphologies of ST. 
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Figure 13.28 (A) In the case of diffuse subendocardial circumferential injury due to tight sub occlusion of the left main trunk (LMT) ina 
heart with previous important subendocardial ischemia, the injury vector that points to the circumferential subendocardial area is directed 
from the apex towards the base, from forward to backwards and from left to right. This explains the typical morphology of ST segment 
depression in all the leads except VR and V1, with maximal ST segment depression in V3-V5. As the injury vector faces more VR than 

V1 the ST segment elevation in VR > V1. (B) Typical ECG of LMT critical subocclusion. The ST segment depression is higher than 6mm 

in V3-V5 and there is no final positive T wave in V4-V5. 
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Figure 13.29 (A) Normal control 
ECG of a patient with chronic | du - HTE i 
ischemic heart disease. (B) During i LSLE ty 
non-ST segment elevation ACS 
(NSTE-ACS) diffuse and mild ST 
segment depression is seen in 

many leads, especially in I, V5, 

and V6 with small ST segment 

elevation seen in III, VR, and V1. 

The coronary angiography shows B 
three-vessel disease with impor- 

tant proximal obstruction in the 

left anterior descending (LAD) 

and-left circumflex artery (LCX). 
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divided in two groups according to the number of leads 
with ST segment depression: 
e ST depression in seven or more leads (extensive 
involvement) and 
e ST depression in fewer than seven leads (regional 
involvement). 

We comment the ECG usually recorded during anginal 
pain. In around 50%, in the absence of pain, the ECG is 
normal /near normal. 


ST depression in seven or more leads (extensive 
involvement) 

The more striking ST depression is found in V3 to V5, V6 
with or without final positive T wave and usually with 
evident positive ST elevation in VR as a mirror pattern 
(Figures 13.28 and 13.29, 20.18, 20.20, and 20.21) (see leg- 
ends, and Chapter 20). 

This abnormal ECG pattern is recorded in patients with 
left main coronary artery subocclusion or equivalent 
(2-3 proximal vessels disease), and also in cases of very 
proximal subocclusion of long LAD, even without 
important compromise of other arteries, or rarely in prox- 
imal subocclusion of dominant LCX. 

To identify, with some limitation, the involved (culprit) 
artery we have to look especially to VR (check ST eleva- 
tion) (remember that VR=I+II/2) (Chapter 7), and mid 
precordials leads (Table 20.4 and Chapter 20). 

e VR: In severe LM/3VD the ST elevation in VR it is usu- 
ally >1mm (ST elevation VR > ST elevation V1) (Kosuge 
et al 2011). In tight isolated proximal LAD subocclusion 
the ST elevation is usually < Imm. 

e In mid precordial leads, the ST depression in cases of 
severe LM disease is usually important (>2-3mm) with- 
out final positive T wave or only small final T wave 
(Figure 20.18). 

In cases of severe 2/3 vessel disease the ECG pattern 
may be similar but frequently either the ST depression 


> Y fis Figure 13.30 This ECG was 
recorded during an episode 
of chest pain in a patient with 
j i | single-vessel coronary artery 


JA. EN a a disease. On angiography, there 


j ’ i was a 95% stenosis of the midpart 
of the left circumflex artery (LCX). 
The ST segment is depressed in 
leads I, II, aVF, and V4-V6. These 
leads with ST depression show 
positive T waves. The ST segment 
is elevated in leads aVR and V1. 
| | A second ECG recorded when the 
ANAA patient was pain free showed no 
significant ST changes. 


is less deep or the final T wave is more positive 
(Figure 20.20). 

In tight LAD subocclusion the ECG pattern presents 
less ST depression and taller T wave. Furthermore, in VR 
the ST elevation is usually <1mm (Figure 20.21). 

Finally, in rare cases a tight proximal subocclusion of 
long LCX shows an ECG pattern usually with prominent 
R wave and ST depression is usually not very deep (Figure 
20.22). 


ST depression in fewer than seven leads (regional 
involvement) (Figure 13.30). 

In Chapter 20, Table 20.4 lists the different groups of ECG 
pattern that may be found. Although it is, in general, dif- 
ficult to identify which is the culprit artery, may be useful 
to remember the following: 

e In the case of RCA or LCX usually the number of leads 
involved is imited to some precordials, in general mid-left 
precordial leads, with a final positive T wave, and some- 
times some leads of frontal plane (Figure 13.30). 

e LAD subocclusion is not severe or the occlusion is dis- 
tal and often affects V1-V4 if is proximal and V4-6 if is 
distal. 

e Two/three-vessel disease usually presents with ST 
depression in some frontal and horizontal plane leads, 
and often the basal ECG is normal with only small changes 
appearing during exercise testing. 

e In general, cases with the worst prognosis present 
with ST depression in the left lateral leads without final 
T wave (Barrabes 2000) (Birnbaum and Atar 2006) (see 
Chapter 20). 

It should be remembered that ST depression in V1, 
V3-V4 may be an expression of true ST elevation myo- 
cardial infarction (STEMI equivalent) (mirror pattern) 
in the case of LCX total occlusion with transmural 
involvement (see above) (see Figure 20.7). 


Normal (basal) 


Seconds to 
few minutes 
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ST segment elevation: evolving STEMI (Figures 
13.31-13.51) (see Chapter 20) 


Mechanism (Figures 13.22, 13.23, 13.31, and 13.32) 

These patients present with transmural involvement but 
usually do not have a previous important ischemia. The 
surface electrodes record an ECG pattern of ST elevation 


(Figures 13.22D and 13.23B-2). 

The mechanisms that explain the ECG pattern of sube- 
picardial injury in clinical setting are based on the theory 
of summation of AP of transmural affected zone and the 
rest of the LV and, in theory, of injury vector which have 
been explained before (see Figures 13.22-D and 13.23 B-2). 

To explain the appearance of a tall T wave in the early 
phase (see above) (Figures 13.3 and 13.6, 13.7 and 13.10 


Minutes 


Figure 13.31 A flow chart drawing of the ECG changes in case of 
Q-wave anterior myocardial infarction (records in V1-V2 from the 
very onset (rectified ST and positive T wave) until the different 
evolution patterns that may be present throughout a year in the 
case where no treatment has been administered. 


Figure 13.33 Acute infarction of anteroseptal zone with ST segment 
elevation in the pre-fibrinolytic era. Evolutionary phases: (A) at 
30min, (B) 1 day later, (C) 1 week later, and (D) 2 weeks later. 
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Figure 13.32 Different types of tissues (normal, ischemic, injured and necrotic—from 1 to 4) (A) and (B). In each of them the corresponding 
electrical charges are shown—decreasing in steady fashion. Levels of Ki*/Ke* (C), transmembrane action potential (AP) morphologies and 
the level of the transmembrane diastolic potential (DP) (D), the subendocardial and subepicardial AP (E), the corresponding patterns that 
are recorded in the ECG (F), considering that it is a transmural involvement and the pathological findings that are found (G). Note that 
necrotic tissue is non-excitable (does not generate a AP) due to the marked diastolic depolarization that it shows. 
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Proximal occlusion of long LAD 


Figure 13.34 In an acute coronary 
syndrome with ST segment elevation in 
+ Vi-Vy V1-V2 to V4-V6 as the most striking 
pattern, the occluded artery is the left 
anterior descending coronary artery 
— (LAD). The correlation of the ST 
segment elevation in V1-V2 to V4-V5 
iP with the ST morphology in II, M, and 


VF allows us to know whether it is an 
occlusion proximal or distal to 1st 
diagonal. If it is proximal, the involved 
muscular mass in the anterior wall is 
large and the injury vector is directed 
not only forward but also upward, even 
though there can be a certain inferior 
V-V; Distal occlusion of long LAD wall compromise because of long left 
anterior descending (LAD). This 


explains the negativity recorded in II, 
MI, and VF. In contrast, when the 
involved myocardial mass in the 
anterior wall is smaller, because the 
— occlusion is distal to 1st diagonal, 
if the LAD is long, as usually occurs, 
+ V,-V, the injury vector in this U-shaped 
tA infarction (inferoanterior) is of course 


II, HI and VF 


directed forward, but often somewhat 
downwards instead of upwards, and 
so it generally produces a slight ST 
segment elevation in II, II, and VF 
(see Figure 13.37). 


IL I and VF 
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Occlusion of 
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Figure 13.35 In an acute coronary syndrome with ST segment elevation in II, II, and VF as the most striking abnormality, the study of the 
ST segment elevation and depression in different leads will allow us to determine whether the occluded artery is the right coronary artery 
(RCA) or the left circumflex artery (LCX) and even the site of the occlusion and its anatomical characteristics (dominance, etc.). This figure 
shows that the presence of ST segment depression in lead I means that this lead is facing the injury vector tail that is directed to the right 
and, therefore, the occlusion is located in the RCA. In contrast, when the occlusion is located in the LCX, lead I faces the injury vector head 
and, in this case, it is directed somewhat to the left and will be recorded as an ST segment elevation in lead I. To check the type of ST 
segment deviation in lead I is the first step of the algorithm for identification of the occluded artery (RCA or LCX) in the case of acute 
coronary syndrome with ST segment elevation predominantly in inferior leads (see Figure 13.38). 


Figure 13.36 In the case of high septal 
involvement due to left anterior 
descending (LAD) occlusion proximal 
to S1 branch, the injured area 
produces a vector of injury directed 
upwards, to the right and forwards. 
Vector of injury in the horizontal 
plane (A) and frontal plane (B). This 
explains the presence of ST segment 
elevation in VR and V1 and ST 
segment depression in II, III, VF, 

and V6 (see text). 
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Figure 13.37 Algorithm to precisely locate the left anterior descending (LAD) occlusion in the case of an evolving myocardial infarction 
with ST elevation in precordial leads. See inside the figure the sensitivity, specificity, and positive predictive value (PPV) of all these criteria 


(Fiol 2009). 
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Figure 13.38 Algorithm to predict the culprit artery (right coronary artery (RCA) or left circumflex artery (LCX)) in the case of evolving 
myocardial infarction with ST elevation in inferior leads (see the text for details). See inside the figure the sensitivity, specificity, and 


positive predictive value (PPV) of all these criteria (Fiol 2004b). 


and 20.6B), we have to consider that before the injured 
zone is transmural, the effect of ischemia is exclusively or 
predominantly subendocardial. This explains the pres- 
ence of a tall, usually transient, T wave, which in a few 
number of cases (1-2% of ACS) is more or less persistent 
(Figures 20.9 and 20.10). 

Because the injury patterns develops at the end of the 
depolarization, which corresponds to the end of ORS at 
the beginning of repolarization, the ECG expression of 
injury starts during the first part of the ST segment. In 
contrast, the ischemia pattern appears in the second part 
of repolarization, after a clear ST segment. Therefore, in 
cases of relevant injury, the final part of QRS (S wave) is 
pulled up, which is followed by striking ST segment ele- 
vation (Figures 13.33 and 20.4C) (see later “Distortion of 
Q wave” and Chapter 20). 


An ST segment elevation may also be recorded in other 
clinical settings of ischemia that are not related to athero- 
thrombosis, such as isolated coronary spasm (see Figure 
20.47) and Tako-Tsubo syndrome (Figure 20.44) (see 
Chapter 20). 


Morphology and duration 

The ST segment elevation that appears in the course of 
ACS with ST elevation will evolve to Q wave MI if it is 
not aborted (see Chapter 20). Before the ST elevation, a 
tall and wide T wave usually exists for a short period. 
The ST segment elevation tends to normalize from the 
acute to the chronic phase (Q wave MI) if the MI is not 
aborted with treatment (Figures 13.31 to 13.33 and 
20.36) (see Chapter 20, Acute coronary syndrome with 
narrow QRS). 


Figure 13.39 ECG and coronarography of a patient 
with ST elevation myocardial infarction (STEMI) 
due to proximal occlusion of dominant the right 
coronary artery (RCA). See ST depression in I and 
VL (VL >1) and ST elevation in IL, M, VF (M > I), 
and all precordials (V1-V3-V4 for right ventricular 
infarction and V5-V6 for dominant RCA) 


In these cases it is very important to note the pres- 
ence of mirror patterns (Figures 13.34-13.36). The leads 
that face the head of the vector of injury in transmural 
acute ischemia record an ST segment elevation, whereas 
the leads facing the tail of the injury vector record an ST 
segment depression. The global study of direct and mir- 
ror images of the ST deviations in different leads is cru- 
cial to correctly diagnose the location of the injury in 
the different walls of the heart (see later) and to under- 
stand the corresponding prognostic implications 
(Chapter 20). 


Location of occlusion in STE-ACS 

Different authors (Birnbaum 1993, Engelen et al. 1999, 
Chia et al. 2000) have described the value of ECG in local- 
izing the occlusion site in STE-ACS. Figure 13.37 shows 
an algorithm that allows us to predict the site of the LAD 
occlusion in the case of ACS with ST elevation in the 
precordial leads (Fiol et al. 2009) and Figure 13.38 shows 
an algorithm that we follow in the case of ACS with ST 
elevation in the inferior leads to distinguish between 
RCA or RCX occlusion (Fiol et al. 2004a, 2004b). Other 
algorrhythms, including one with “allcorners” with 
STEMI have also been published with good results 
(Therala et al. 2009). The statistical power of these criteria 


Ischemia and Necrosis 239 


in our experience (Bayés de Luna and Fiol 2008) and 
other studies (Birnbaum et al. 1993a; Engelen 1999; Tierala 
2009) is very high (see Figures 13.37 and 13.38). 

In the case of RCA occlusion there are increased 
chances of a proximal occlusion and right ventricle 
involvement if an ST elevation in the right precordial 
leads V3R-VAR is present (Wellens 1999). In our experi- 
ence we found that the presence of isoelectric or elevated 
ST in V1 is also useful (Fiol et al. 2004a, 2004b). 
Furthermore, in the case of occlusion of very long RCA 
occlusion (extra large RCA) an ST elevation in V5-V6 is 
usually seen. ST elevation may even be seen in proximal 
occlusion of the RCA (ST elevation in V1-V3) due to prox- 
imal occlusion and in V4-V6 due to very long RCA 
(Eskola et al. 2004). In small number of these cases the ST 
elevation may be seen in all the precordial leads (Garcia 
Niebla et al. 2009) (Figure 13.39). 

Cases of complete occlusion of the left main trunk are 
very infrequent, and usually present as cardiogenic shock 
or cardiac arrest due to ventricular fibrillation. However, 
the survivors present an ECG with ST elevation similar to 
cases of proximal LAD occlusion but without ST elevation 
in V1 because this is balanced by the ST depression due to 
LCX involvement. The ECG often presents also RBBB 
and/or SA hemiblock (occlusion before first septal 
branch) (see Figure 20.5). 
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Figure 13.40 ST segment elevation 
acute coronary syndrome (STE- 
ACS) due to left anterior descending 
(LAD) occlusion proximal to D1 and 
S1. (A-1) Site of occlusion. (A-2) 
Myocardial area at risk with the 
involved segments marked in gray 
in “bull’s-eye” projection. (A-3) 
Vector of injury and its projection in 
three planes: frontal, horizontal and 
sagittal. The injury vector is directed 


somewhat to the right because the 
occlusion is proximal not only to 
D1 but also to S1. (B) The ECG in 
STE-ACS due to LAD occlusion 
proximal to D1 and S1 in a 
hyperacute phase. An evident 

ST segment elevation from V1 to 
V3 and VR is recorded. Also ST 
segment depression in II, II, VF 
(more evident in II) and in V5-V6 is 
present. This may be explained by 
LAD occlusion proximal to D1 but 
also to S1 that generates a injury 

| vector directed upwards to the right 
and forwards. 


The correlation between the precordial leads with ST 
elevation and site of occlusion has some limitations 
(Huang et al. 2011). This may be for several reasons, such 
as differences in the location of the precordial leads, dif- 
ferent terminologies used, cancellation of vectors, pres- 
ence or not of small or large conal branch of the RCA, 
which, if large, may supply alternative blood to the high 
septum during occlusion of LAD (Ben-Gal et al. 1998), dif- 
ferent lengths of coronary artery (Zhong-Qu et al. 2009), 
rapid changes from one to another ECG pattern in rela- 
tion to the sudden change of the location and intensity of 
the occlusion (see Figure 20.10), that we comment with 
some extension in Chapter 20 (see ECG paterns in STEMI. 
Location of occlusion. 

Nevertheless, taking all these factors into considera- 
tion, we believe that the correlation we have shown by 
just taking a glance the surface ECG has an extraordinary 
value to stratify risk and take the best decision in many 
cases of STE-ACS (see Chapter 20). 

Figures 13.40-13.51 illustrate some examples of how 
the changes of ST segment correlate with the area at 
risk, the coronary artery involved, and the site of 
occlusion in the presence of STE-ACS, with the limita- 
tions just explained (see legends for explanation) and 
Figures 13.37 and 13.38. We do not show coronariogra- 
phy for limitation of space (for more details including 


coronariography of all these cases, consult Bayés de 
Luna and Fiol 2008). 


ST changes (see Table 13.1) 


e ST depression is recorded in patients presenting 
with an abrupt decrease of blood flow without total 
occlusion and no transmural involvement, such as in 
NSTE-ACS, and in patients who present with ischemia 
due to increased demand, such as an exercise angina. 
The ECG pattern is explained by important and 
predominant ischemia in the mid-subendocardium that 
induces an important change of the shape of the TAP in 
this area (ST depression). 


e ST elevation is mainly recorded in patients with 
abrupt decreased blood flow that usually presents as 
total coronary occlusion, but especially with global 
transmural involvement such as in STE-ACS. The 
ECG pattern is explained in the presence of transmural 
clinical ischemia, because the transmurally affected zone 
presents less negative changes when is compared with the 
rest of LV and the surface electrode located at this zone, is 
less negative (relatively positive), faces the head of injury 
vector (+) and records ST elevation (Figure 13.23B-2). 

e The same pattern may also be recorded in cases of 


transient acute global transmural ischemia with or 
without atherothrombosis (e.g. coronary spasm). 


Ischemia and Necrosis 241 


Figure 13.41 ST segment elevation acute coronary syndrome (STE-ACS) due to left anterior descending (LAD) occlusion proximal to D1 
but distal to S1. (A-1) Site of occlusion. (A-2) Myocardial area at risk and “bull’s-eye” polar map with involved segments. Very often, the 
apex is involved because the LAD is frequently long. (A-3) Injury vector in the acute phase is directed somewhat to the left, as the high 
part of septum is not involved. (B) The ECG showing ST elevation in V2 to V5, I, and VL (not in V1 and VR) with clear ST depression in 


inferior leads. 


Figure 13.42 ST segment elevation 
acute coronary syndrome (STE- 
ACS) due to occlusion of long left 
anterior descending (LAD), distal to 
D1 and S1. (A-1) Site of occlusion. 
(A-2) Myocardial area at risk, and 
involved segments in “bull’s-eye” 
projection. (A-3) Injury vector 
directed forward but somewhat 
downwards and to the left, resulting 
in ST segment elevations in frontal 
and horizontal plane leads (V2-V6) 
and with ST segment elevation in 

Il > IL. (B) The ECG non-ST 
segment elevation ACS (NSTEMI) 
due to LAD occlusion distal to D1 
and S1. Observe the ST segment 
elevation from V2 to V5-V6 with 
somewhat ST segment elevation in 
IL, M, VF (N > NI) and ST depression 
in VR. 
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Figure 13.43 ST segment elevation acute coronary syndrome (STE-ACS) due to left anterior descending (LAD) occlusion proximal to S1 
but distal to D1. (A-1) The site of occlusion. (A-2) Myocardial area at risk and “bull’s-eye” polar map with involved segments. (A-3) Injury 
vector directed to the right and forwards due to occlusion proximal to S1. In case of a long LAD involving also inferior wall, the vector 
can be directed somewhat downwards due to relatively small myocardial area of anterior wall involved in case of occlusion distal to D1. 
The occlusion distal to D1 explains the ST segment elevation from V1 to V3-V4 and ST segment elevation in II, III, and VF (III > II) and 
the occlusion proximal to S1—the ST-segment elevation in VR and ST-segment depression in V6, I, and VL due to injury vector directed 
somewhat to the right. (B) Typical example of ECG in ACS with LAD occlusion proximal to S1 and distal to D1. Observe ST segment 
elevation in II, III, and VF (III > II) due to occlusion distal to D1 and ST segment elevation in VR and V1 with ST segment depression in 
V6 due to occlusion proximal to S1. 
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Figure 13.44 ST segment elevation acute 
coronary syndrome (STE-ACS) due to 
occlusion of D1 or incomplete occlusion of 
the left anterior descending (LAD) artery 
B involving D1. (A-1) Site of occlusion. (A-2) 
| VR V1 V4 Myocardial area at risk and “bull’s-eye” 
A polar map with involved segments. (A-3) 
S e — 5 aoe Ses Injury vector with its projection in frontal 
E and horizontal planes and the correspond- 
ing ECG patterns. (B) ECG with clear ST 
segment elevation in I and VL, and ST 
E A segment depression in II, MI, and VF. 

— A^ oi — — This strongly supports D1 occlusion. The 
presence of mild ST segment depression in 
V2-V3 (in contrast to what usually happens 
in D1 occlusion) may be due to an associa- 
ame — mus =y K ee tion of RCA or LCX occlusion, as in this case 

(70% distal RCA occlusion) (see text). 


LAD 


S1 


Figure 13.45 ST segment elevation 
acute coronary syndrome 
(STE-ACS) due to incomplete 
occlusion of the left anterior 
descending (LAD) artery 
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involving the septal branches 

but not the diagonal branches. 

In exceptional cases only S1 or S2 
occlusion may be found. (A-1) Site 
of the occlusion. (A-2) Myocardial 
area at risk and involved segments 
in a “bull’s-eye” projection. (A-3) 
Injury vector projected on frontal, 
horizontal, and sagittal planes and 
the corresponding ECG patterns. 
(B) Control ECG. (C) Typical ECG 
pattern in the case of occlusion 

of a large S1 artery during a 
percutaneous coronary 
intervention (PCI) procedure 

with involvement of the basal 

and probably also mid-septal part. 
Observe the ST segment depres- 
sion in the inferior leads (II > MI) 
and V6, and ST segment elevation 
in VR and V1. 


Figure 13.46 ST segment elevation acute 
coronary syndrome (STE-ACS) due to right 
coronary artery (RCA) occlusion proximal to 
right ventricle branches (arrow). (A-1) Site of 
occlusion and myocardial area at risk. (A-2) 
Polar map in “bull’s-eye” projection with 
the most involved segments marked in 
gray. (A-3) Injury vector projected on 
frontal, horizontal, and sagittal planes with 
corresponding ECG patterns. Observe that 
the injury vector due to right ventricular 
involvement is directed more forwards 
usually in the positive hemifield of V1 than 
in case of RCA occlusion distal to right 
ventricular branches. (B) Typical ECG 

in case of STE-ACS dude to proximal RCA 
occlusion with right ventricular involve- 
ment. Observe ST segment elevation in II, 
II, and VF with III > II, ST segment 
depression in I and isoelectric or elevated 
in V1-V3 as well as in V3R-VAR leads 

with positive T wave. 
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Figure 13.47 Typical case of ST 
segment elevation acute coronary 
syndrome (STE-ACS) due to right 
coronary artery (RCA) occlusion 
after right ventricular branches 
(arrow). (A-1) Site of occlusion. 
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(A-2) Myocardial area at risk with 
the polar map in “bull’s eye” 
projection with the most affected 
segments marked in gray. (A-3). 
(B) Typical ECG in the case of 
STE-ACS due to RCA occlusion 
distal to right ventricular branches. 
Observe the ST segment elevation 
in IL, IL, and VF (M > Il) with ST 
segment depression in I. ST 
segment depression exists in the 
right precordial leads (V1-V2). 

The right precordial leads also 
favor RCA occlusion after right 
ventricular branches (Figure 13.38). 


Figure 13.48 ST segment elevation 
acute coronary syndrome (STE-ACS) 
due to occlusion of very dominant 
right coronary artery (RCA). (A-1) Site 
of occlusion that may be before or after 
the right ventricular branches. (A-2) 
Myocardial area at risk and polar map 
in “bull’s-eye” projection with the most 
involved segments. (A-3) Injury vector 
projected in frontal and horizontal 
planes. (B) Typical ECG in the case 

of STE-ACS due to occlusion of very 
dominant RCA distal to right ventricu- 
lar branches. Observe the ST segment 
elevation in the inferior leads (MI > II) 
and ST segment depression in V1-V3 
(occlusion distal to the take-off of right 
ventricular branches). Furthermore, the 
ST segment elevation in V6 to V8. The 
arrow shows the place of distal 
occlusion. 
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acute coronary syndrome 
(STE-ACS) due to occlusion of the 
left circumflex artery (LCX) artery 


proximal to the obtuse marginal VE V2 V3 
branch. (A-1) Site of occlusion. 
(A-2) Myocardial area at risk r Y 


and polar map in “bull’s-eye” 
projection with the most involved 
segments marked in gray. (A-3) 
Injury vector directed backwards 
and somewhat to the left as 
projected in frontal, horizontal, 
and sagittal planes and the 
corresponding ECG patterns. 

(B) Typical example of ECG ina 
case of STEMI due to complete 
occlusion of proximal LCX. 
Observe the ST elevation in II, M, 
VF (II > III) and V5-V6, and ST 
depression in V1-V3 more evident 
the ST elevation in inferior leads. 


LCX 
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Figure 13.50 ST segment elevation acute coronary syndrome (STE-ACS) due to occluson of the obtuse marginal branch (OM). (A-1) Site 


of the occlusion. (A-2) Myocardial area at risk and polar map of the involved area. (A-3) Injury vector that is directed to the left (approxi- 
mately 0° to +20° in the frontal plane) and somewhat backwards. Occasionally, if small, it hardly produces any ST segment deviations. If 
they occur, the ST segment elevation is observed in some lateral and inferior leads especially in I, II, VF, and V6, with a usually slight ST 
segment depression in V2-V3. (B) ECG that shows slight elevation in II, III, and VF, and ST segment depression in V1-V3 with isodiphasic 


ST in lead I. It is not easy in this case to decide from the ECG if the occlusion is in the RCA or LCX (OM). This case demonstrates that 
occasionally, especially when the changes of ST are not striking, it may be difficult to identify the culprit artery through ST segment 
changes. However, the ACS with small changes usually corresponds to a LCX occlusion. 
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Figure 13.51 ST segment elevation acute coronary syndrome 
(STE-ACS) due to proximal occlusion of a very dominant left 
circumflex artery (LCX). (A-1) Site of occlusion. (A-2) 
Myocardial area at risk and polar map in “bull’s-eye” 
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Diagnosis of ST segment changes as a result 
of ischemia in patients with left ventricular 
enlargement and/or wide ORS 

In cases of left ventricular hypertrophy (LVH) with 
strain pattern and/or wide ORS complex, the ECG diag- 
nosis of injury pattern is frequently more difficult, 
especially in the presence of an LBBB or pacemaker. 

However, in the course of ACS, especially those second- 
ary to the total proximal occlusion of an epicardial coro- 
nary artery, ST segment elevation are clearly seen in the 
presence of complete RBBB (Figure 13.52). Also, the 
presence of complete LBBB or pacemaker in the case of 
STE-ACS often allows us to visualize the ST segment ele- 
vation clearly (Figures 13.53-13.55). Sgarbossa et al. 
(1996a) have reported that in cases compatible with acute 
MI, a diagnosis of evolving infarction associated with a 
complete LBBB is supported by the following criteria 
(Figures 13.53 and 13.54): (i) ST elevation >1 mm concord- 
ant with the QRS complex; (ii) ST depression >1mm con- 
cordant with the ORS complex; (iii) ST elevation >5 mm 
non-concordant with the QRS complex (e.g. in V1-V2). 
This last criterion is of less value when the QRS complex 
has an increased voltage (Madias et al. 2001). 

These criteria have been studied by other authors, who 
have confirmed that they are highly specific (100%), espe- 
cially in the presence of concordant ST segment elevation 
or depression, though they are not very sensitive 
(10-20%). 


projection with the most involved segments marked in gray. 
(A3) Important injury vector that is directed more backwards 
than downwards and less to the left or even a little to the 
right as projected in frontal, horizontal, and sagittal planes, 
and the corresponding ECG patterns of ST segment depres- 
sion and elevation. (B) The ECG in the case of STE-ACS due 
to complete proximal occlusion of a very dominant LCX 
artery. Observe the criteria of LCX occlusion. ST segment 
elevation in II > II in the presence of isoelectric ST in I 
(second step of Figure 13.48). In VL there is ST segment 
depression due to LCX dominance. In the normal cases of 
LCX occlusion there is no ST segment depression in VL 
(isoelectric or elevated) (Figure 13.49). There is also a huge ST 
segment elevation in V5-V6 more evident than in the case of 
very dominant RCA (Figure 13.48). On the other hand, the 
sum of ST segment deviations is much higher than in the case 
of proximal occlusion of a non-dominant LCX (Figure 13.49). 


Recently, it has been reported (Wong et al. 2005, 2006a, 
2006b) that patients with RBBB or LBBB and STEMI have 
different prognoses, depending on the ST segment mor- 
phology and ORS duration. 

Similar criteria are also useful for the diagnosis of 
infarction in the presence of a pacemaker (Sgarbossa 
et al. 1996b) (Figure 13.55). 

Occasionally, the presence of an intermittent RBBB 
(Figure 13.56) or LBBB allows the visualization of the 
underlying repolarization abnormality, such as ST seg- 
ment deviation, or a negative T wave. Therefore, the 
evidence that there is a somewhat different repolariza- 
tion pattern, with a generally more symmetric and 
deeper T wave, in the presence of a bundle branch block, 
is very much in favor of mixed origin of the ECG 
pattern. 

In cases of LVH with strain pattern, often also some 
type of mixed patterns may be seen. The diagnosis, how- 
ever, may usually be performed if sequential changes 
appear (increase in ST segment depression already pre- 
sent during pain) (Figure 13.57). 


ST changes in other heart diseases and situations 
Differential diagnosis 

The list of conditions that, apart from IHD, may present 
with an ST segment elevation or depression is large. Table 
13.4 summarizes the most frequent conditions that may 


Figure 13.52 (A) Acute phase of evolving Q wave myocar- 
dial infarction of the anteroseptal zone. There is a huge ST 
segment elevation, especially in I, VL, and from V2 to V5, 
QRS >0.12s and morphology of complete right bundle 
branch block (RBBB) that was not present in the previous 
ECG. (B) Twenty-four hours later the RBBB has disappeared 
and subacute anterior extensive infarction becomes evident. 
There is ST segment elevation from V1 to V4. The transient 


suggests that the occlusion of the left anterior descending 
artery (LAD) is proximal to S1 and D1. 
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Figure 13.53 (A) Acute myocardial infarction (MI) 
of the anteroseptal zone due to occlusion of the left 
anterior descending (LAD) artery proximal to D1 


non-ST segment depression in V6). (B) After some 


(ST segment depression in II and VF) but distalto J A A > | Ji \ 
S1 (non-ST segment elevation in VR and V1 and tN ] ~*~ ETA G ab ee I a 


hours, complete left bundle branch block (LBBB) 
appears (See q in i, VL, and V4 and polyphasic 
morphology in V3) (see the Sgarbossa criteria, 


concordant ST segment elevation, in I, VL, V4-V6). s4 A^ ALA mn EN A # I~ 
(C) the complete LBBB disappears but superoante- Y a ale yF 
rior hemiblock remains with the clear evidence of 


apical anterior MI (QS from V1 to V4 without “q” 
in VL and I) (see Figure 13.67). 


Figure 13.54 (A) Acute phase of 
an infarction in a patient with 
complete left bundle branch 
block. Note the clear ST-segment 
elevation. In the chronic phase 


B Il Ill VF 
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(mixed pattern of repolarization 
abnormality) leads to the 
suspicion of associated ischemia. 


present with ST elevation mimicking an STE-ACS, and 
Figure 13.58 shows some of the most characteristic 
examples. Note that there are some normal variants that 
present with ST segment elevation. In the first phase of 
pericarditis, a disease that also presents with chest pain, 
the most striking change is sometimes an elevation of the 
ST segment (see Figure 22.9). 
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Figure 13.55 Patient with pacemaker and acute ST segment 
elevation acute coronary syndrome (STE-ACS). During an angina 
pain crisis of Prinzmetal type, a marked transient ST segment 
elevation is seen. 
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Figure 13.56 The ECG of a patient with rapid atrial fibrillation and right bundle branch block (RBBB). In the seventh and eighth complexes 
can be seen the disappearance of tachycardia-dependent RBBB, and then the morphology of subendocardial injury pattern appears. The 


complexes with RBBB also show a typical mixed pattern. 
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Without pain Pain 


Figure 13.57 A 62-year-old patient with hypertension presenting 
with a non-ST segment elevation acute coronary syndrome 
(NSTE-ACS). Left: without pain, there is a mixed pattern of left 
ventricular hypertrophy with strain + negative T wave. Right: 
during pain, a clear ST segment depression appears. 


Table 13.4 Most frequent causes of ST segment elevation (apart 
from ischemic heart disease) (Figure 13.58) 


1. Normal variants. Chest abnormalities, early repolarization, 
vagal overdrive. In vagal overdrive, ST segment elevation is 
mild, and generally accompanies the early repolarization 
image. T wave is tall and asymmetric 

2. Sportsmen. Sometimes an ST segment elevation exists that 
even mimics an ACS with negative T wave, at times more 
prominent than ST elevation (Figure 23.8). No coronary 
involvement has been found, but this image has been 
observed in sportsmen who die suddenly; thus its presence 
implies the need to rule out hypertrophic cardiomyopathy 


3: Acute pericarditis in its early stage and myopericarditis 
4. Pulmonary embolism 
5. Hyperkalemia. The presence of a tall peaked T wave is more 


evident than the accompanying ST segment elevation, but 
sometimes it may be evident 


6. Hypothermia 
7. Brugada syndrome 
8. Arrhythmogenic right ventricular dysplasia 
9. Dissecting aortic aneurysm 
10. Left pneumothorax 
11: Toxicity secondary to cocaine abuse, drug abuse, etc. 


Table 13.5 and Figure 13.59 show the same in the case of 
ST depression. Many conditions present with an ST 
segment depression, although it is usually small. 
Occasionally, a very evident ST depression is seen in cases 
with normal coronary circulation (Color Plate 3). 


The most important factor to take into account is the 
correlation of the clinical symptoms with the deviations 
of the ST segment (see Chapter 20). 


Other changes of repolarization 


Prolongation of QT interval 

This may be considered a part of the changes of the repo- 
larization. In fact, it is present in the first moments of 
acute transmural ischemia as in PCI (Kenigsberg et al. 
2007), when due to an increase in the duration of AP of the 
endocardium, the T wave is wider and taller and the QT 
interval is lengthened (see Figure 20.13). 


Changes of U wave 

Occasonally, ischemia may induce changes of U wave. 
The most frequent are presence of negative T wave in 
precordials that are found in NSTEMI in some cases of 
LAD occlusion. These changes are usually found in the 
absence of pain (see Figure 20.16) but may also be an 
expression of active ischemia and may be seen in the 
evolving course of atypical patterns of STEMI or coronary 
spasm when the ECG evolves from deep negative T wave 
to seudonormalization of T wave and often to ST eleva- 
tion (see Figure 20.27) (see Chapter 20). 


Changes in QRS 


We will comment first on the changes that ischemia pro- 
duce in QRS in the chronic phase of Q wave MI, in the 
case of a basal narrow QRS complex (Q wave of necrosis 
and fractioned QRS). Later we will discuss how Q wave 
MI may be diagnosed in the presence of intraventricular 
block, pacemaker, or pre-excitation. 


Diagnosis of Q wave MI in the presence 

of narrow QRS 

Q wave of necrosis 

Electrophysiologic mechanisms 

The activation of the subendocardial area is very fast 
because the density of Purkinje fibers is so great that the 
electrodes located in this area do not record any positive 


Figure 13.58 (A) The most frequent 
cases of ST segment elevation apart 
from ischemic heart disease. (A) 
Pericarditis; (B) hyperkalemia; 

(C) athletes; (D) typical Brugada 
pattern with coved ST segment 
elevation. The saddle-type variant 
of Brugada syndrome has to be 
differentiated from normal variant. 


Table 13.5 Most frequent causes of ST segment depression (apart 
from ischemic heart disease) (Figure 13.59) 


1. Normal variants (generally slight ST depression). Sympathetic 
overdrive. Neurocirculatory asthenia, hyperventilation, etc. 
Drugs (diuretics, digitalis, etc.) 

Hypokalemia 

Mitral valve prolapse 

Post-tachycardia 

Secondary to bundle branch block or ventricular hypertrophy. 
Mixed images are frequently generated. 


oar Wn 


deflection (1 and 2 in Figure 13.60A). Later on, the subse- 
quent activation of the other part of the left ventricle wall 
records progressively greater R waves until a unique R 
wave is recorded from the epicardium (6 in Figure 13.60A). 
In the presence of MI, the diastolic depolarization in the 
infarcted area is so important that it cannot be excited and 
does not produce a AP. Therefore, a Q wave is generated 
opposite the R wave when the infarcted area surpasses 
the subendocardium and affects part of the myocardium 
that is responsible for generating the beginning of the 
QRS complex (R wave). This happens within the first 
40-50 ms of QRS. 
The generation of a Q wave of necrosis may be explained 
by two theories: 
e According to the theory of electrical window of Wilson, 
the transmural infarcted area acts as an electrical window 
and, consequently, the electrode that faces the area records 
the negativity of the intracavitary ORS (Q wave of necro- 
sis) (see Figure 13.61A). 
e According to the theory of the infarction vector (Figure 
13.61B,C) the infarcted area generates a vector (infarction 
vector) that has the same magnitude but opposite direc- 
tion to the one that would have been generated in the 
same zone in the absence of infarction. Therefore, the 
infarction vector moves away from the infarcted area (see 
Figures 13.62 and 13.63). As we have stated, the ventricu- 
lar depolarization changes that produce the Q wave occur 
when the infarction area is depolarized within the first 
40 ms of ventricular activation. 
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Q versus non-Q wave myocardial infarction 

It used to be considered that MIs located in 
subendocardial areas did not produce Q waves, as dis- 
cussed in Figure 13.60, and that Q wave MI occurs when 
some part of subepicardial area is affected. Today, 
thanks to CE-CMR correlations it is known (Marholdt 
et al. 2005) that after epicardial coronary artery occlu- 
sion the ischemic area begins in the subendocardium 
and grows towards the epicardium (Figure 13.9). 
Therefore, infarctions are never exclusively present in 
the mid/epicardial layer of the left ventricle. In a cor- 
relation study with CE-CMR, Moon et al. (2004) showed 
that infarctions with predominant subendocardium 
involvement exhibit a Q wave of necrosis in approxi- 
mately 30% of cases. Furthermore, they demonstrated 
that a similar number of transmural infarctions were 
found in non-Q wave infarctions. From the CE-CMR 
standpoint, 50% of the infarctions had been at some 
point transmural, but almost all of them had predomi- 
nantly subendocardium extension in some zones. 
Therefore, Q waves are present in cases of only suben- 
docardial necrosis, and are absent in some cases of 
transmural necrosis. However, although Q waves of 
necrosis are not always present in transmural MI, they 
are expressions of larger MI. Therefore, differentiat- 
ing between an MI with and without Q wave is impor- 
tant because the former involves a larger area, 
irrespective of whether it is or is not transmural. 


Though the terms Q wave MI and non-Q wave MI are 
no longer accepted in the acute phase, it is true that in the 
subacute and especially in the chronic phases of MI there 
are infarctions with and without Q waves. The higher the 
number of Q waves or their equivalent, the worse the 
prognosis. 


Characteristics of “necrosis Q wave” or equivalent 

Table 13.6 shows the characteristics that are considered 
expressions of chronic MI in the presence of an adequate 
clinical setting. The evolution from ST elevation to Q 
wave MI has been discussed before (see ST segment ele- 
vation: Evolving STEMI. Figures 13.33 and 13.64), and 
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Figure 13.59 Non-ischemic ST-segment depression. (A) ST segment depression secondary to digitalis effect: note the typical digitalis 
“scooped” pattern with a short QT interval in a patient with slow atrial fibrillation. (B) Example of hypokalemia in a patient with conges- 
tive heart failure who was receiving high doses of furosemide. What seems to be a long QT interval is probably a QU interval (T + positive 
U waves). (C) Case of mitral valve prolapse with ST segment depression in inferior leads. 
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Figure 13.60 (A) Normal ventricular depolarization, being very 
rapid in the subendocardium, does not generate detectable 
potentials as this zone is full of Purkinje fibers (QS in 1 and 2). 
Starting from the border zone with subepicardium (3), morpholo- 
gies with an increasing R wave (rS, RS, Rs) are registered (3 to 5) 
up to exclusive R wave in epicardium (6). As a consequence, in 
case of an experimental necrosis, the Q wave will be recorded 
only when it reaches the subepicardium and then will produce Q 
waves of higher or lower voltage according to the extension of 
necrosis. A morphology qR will be recorded in 3, QR in 4 and 5, 
up to QS if the necrosis is transmural. (B) This explains, according 
the theory of the electrical window of Wilson, how clinical 
transmural infarction produces QS morphology while (C) an 
infarction affecting the subendocardium and a part of the 
subepicardium may give rise to QR morphology without being 
necessarily transmural. Finally, (D) an infarction affecting basal 
areas or a part of myocardial wall, but in the form of patches, with 
necrosis-free zones, allows early formation of depolarization 
vectors that will be recorded as R waves but with slurrings, or 
small voltage (fractioned QRS). 


more extensively in Chapter 20 (ACS with narrow QRS 
and ST elevation). 

The appearance of the Q wave of necrosis in the evo- 
lutionary changes of STE-ACS shows that the patient 
has evolved to MI, involving an area that was thought 
surpasses the subendocardium (Figure 13.60). However, 
CE-CMR has demonstrated that this is not true (see 
above). Furthermore, a Q wave is not always an irrevers- 
ible pattern. In fact, in a few cases, such as in aborted MI 


and in Prinzmetal angina (coronary spasm), the presence 
of Q waves may be transient. 


Diagnostic criteria 

Table 13.7 shows the ECG changes associated with prior 
MI according to the new universal definition of MI 
(Thygesen et al. 2007). We will discuss some of the new 
criteria that have been defined after this classification in 
recent years, such as the new criteria of lateral MI (Bayés 
de Luna et al. 2008) and the concept of fractioned QRS 
(Das et al. 2006) (see throughout the chapter and in 
Chapter 20). 

As with changes in the T wave and ST segment devia- 
tions, the presence of a mirror image of the Q wave of 
necrosis is also very important for diagnostic purposes. It 
is especially evident that, in patients with IHD, the pres- 
ence of a prominent R wave in V1 may be the only mani- 
festation of abnormality as a mirror pattern of Q waves in 
opposed leads. It is currently known that this R wave is a 
result of a lateral, not posterior MI (Bayés de Luna et al. 
2006a,b, 2008) (see below) (Figure 13.75). 

Furthermore, occasionally a cancellation of two necro- 
sis vectors may not reflect the two necrosis areas because 
the two Q waves are opposed and are cancelled (Color 
Plate 4). 


Location of Q wave myocardial infarction 
Until recently, the accepted correlations of Q waves in 
different leads with the location of MI in ventricular walls 
were as follows (Surawicz et al. 1978): (i) Q waves in V1- 
V2 correspond to a septal wall; (ii) those in V3-V4 corre- 
spond to an anterior wall; (iii) those in I-VL and/or 
V5-V6 correspond to the lateral wall (upper and/or lower 
respectively; (iv) those in the II, II, VF correspond to the 
inferior wall; (v) the reciprocal pattern of R in V1-V2 cor- 
responds to a posterior wall (after Perloff 1964). 
However, a statement from the International Society for 
Holter and Noninvasive Electrocardiology (Bayés de 
Luna et al. 2006) presented a new classification of Q wave 
MI based on the correlation between the Q wave and the 
infarcted area as assessed by CE-CMR published by our 
group (Bayés de Luna et al. 2006, 2008) and others (Rovai 
et al. 2007; Van der Weg et al. 2009). We would like to 
remind readers that this was already suggested by 
pathologic (Dunn et al. 1956) and isotopic correlations 


Figure 13.61 (A) Under normal conditions, the overall QRS vector (R) is made up of the sum of the different ventricular vectors (1+2+3+4). 
(B) When a necrotic (infarcted) area exists, the vector of infarction has the same magnitude as the previous vector, but has an opposite 
direction (3^). This change of direction of the initial depolarization electrical forces of a portion of the heart, the necrotic (infarcted) area, 
also implies the change of the overall vector direction (R’). (C) The development of a necrosis Q wave when a transmural infarction with 
homogeneous involvement of the left ventricle exists may be explained because the necrotic tissue, which is non-activable, acts as an 
electrical window and allows for the recording of the left ventricular intracavitary QRS (which is a QS complex) from outside. The QS 
complex in the left ventricle is explained because the normal activation vectors—1, 2, and 3—are moving away from the infarcted zone. 
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Figure 13.62 (A) Comparison between 
normal activation and the activation in the 
case of an extensive anterior infarction. The 
vector of infarction is directed backwards 
and a loop-hemifield correlation explains the 
appearance of the Q wave in the anterior 
leads. (B) Example of myocardial infarction 
of the anteroseptal zone. 


252 Abnormal ECG Patterns 


VF 


Normal VE 


. : VF 
Inferior necrosis 


VF 


Figure 13.63 (A) Comparison between normal activation and activation in the case of inferolateral infarction. The vector of infarction is 
directed upwards and a loop-hemifield correlation explains the appearance of a Q wave in the inferior leads. (B) Example of myocardial 
infarction of the inferolateral zone. 


Table 13.6 Characteristics of the “necrosis Q wave” or its equivalent? 


1. Duration: >30ms in |, Il, I°, VLP, and VF and in V3-V6. Frequently presents with slurrings. The presence of a Q wave 
is normal in VR. In V1’? and V2, all Q waves are pathologic, usually also in V3, except in case of extreme levorotation 
(qRs in V3). However the presence in two consecutive leads is necessary 

2. O/R ratio: lead | and Il > 25%, VL > 50%, and V6 > 25% even in presence of low R wave® 

3. Depth: above the limit considered normal for each lead (i.e. generally 25% of the R wave) (frequent exceptions, especially 
in VL, Ill, and VF) 

4. Presents even a small Q wave in leads where it does not normally occur (for example qrS in V1-V3) 

Q wave with decreasing voltage from V3-V4 to V5-V6 

6. Equivalents of a Q wave: V1: R wave duration 240 ms, and/or R wave amplitude >3 mm and/or R/S ratio >0.5 


a 


*The changes of mid to late part of QRS (low R wave in lateral leads and fractioned ORS) are not included in this list, which 
mentions only the changes of the first part of QRS (Q wave or equivalent). 

’The presence of isolated Q in lead II! usually is non-pathologic. Check changes with inspiration. Usually in III and VF Q/R 
ratios are not valuable when the voltage of R wave is low (<5mm). 

°QS morphology may be seen in VL in a normal heart in special circumstances (e.g. very lean individuals with vertical heart), 
and inV1, sometimes an absent of embryonic r wave may be seen in case of septal fibrosis (no q in V6). 


Figure 13.64 Evolution of a patient 
with acute myocardial infarction HI 
(MD of the inferior wall due to 
occlusion of the right coronary 
artery. From A to D note the 
evolution of ST elevation and the 
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appearance of Q wave and 1 hour 
negative T wave. 
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Table 13.7 QRS ECG changes associated with prior myocardial infarction 


e Any Q-wave in leads V2-V3 20.02s or QS complex in leads V2 and V3 
e Q-wave 20.03s and 20.1 mV deep or OS complex in leads |, Il, aVL, aVF, or V4-V6 in any two leads of a 


contiguous lead grouping (I, aVL, V6; V4-V6; II, Ill, and aVF) 


e R-wave 20.04s in V1-V2 and R/S 21 with a concordant positive T wave in the absence of a conduction defect 


From Thygessen et al. (2007). 


(Bough et al. 1984). We based this new classification 
(Figure 13.65 and Table 13.8) on the following. 

The heart is divided into four walls (septal, anterior, 
inferior, and lateral). The correlation between ECG leads 
and these walls has been explained above (see Anatomic 
and pathological point of view). These four walls 
encompass two regions (see Figure 4.7): the anteroseptal, 
perfused by the LAD, and the inferolateral, perfused by 
the RCA or the LCX. Evidently, these two regions are not 
equal, according to the anatomic variations of the arteries 
perfusing them (e.g. length, dominance). 

The inferobasal segment of the left ventricle (for- 
mer posterior wall), which corresponds to segment 
4 of the statement of the AHA imaging societies 
(Cerqueira et al. 2002) (see Figures 4.4, 4.5 and 5.18), 
depolarizes after 40-50 ms. Therefore, this cannot pro- 
duce an R wave in V1 that would be equivalent to the Q 
wave in the back of the heart because the beginning of 
ORS has already started. 

We have demonstrated that the inferobasal segment 
rarely bends upward, and therefore, a true posterior wall 
hardly ever exists (see Figure 4.2). Furthermore, even in 
the case that this vector exists, which may happen in very 
lean individuals, the vector of necrosis of this area faces 
V3-V4 and not V1. 


Therefore, the oblique position of the heart in the tho- 
rax explains why the infarction vector of the lateral wall 
faces V1 (see Figures 4.3, 13.74, and 13.75). 

It is clear that the posterior wall usually does not exist 
and, even when it does exist it cannot produce a promi- 
nent R wave in V1 when necrosed. 

The ECG can clearly distinguish between MIs of the 
anteroseptal and inferolateral zones (see Figure 13.65). 
The specificity of these criteria is very high, especially in 
MIs of the inferolateral zone, although the sensitivity is 
lower, especiallly for MIs of the lateral wall. One factor 
that makes it difficult to distinguish MI of the anterolat- 
eral zone, especially type Al and A2 of Figure 13.65 (sep- 
tal and anteroseptal), is that the precordial leads are not 
always located in the correct place (Bayés de Luna and 
Fiol 2008; Garcia Niebla et al. 2009) (Figure 13.77). 

Figures 13.66-13.72 show examples of the new ECG 
classification of Q wave MI with CE-CMR, the probable 
location of occlusion, the infarction area, and the VCG 
loops and ECG criteria. 

Figure 13.73 shows that in the case of apical—anterior 
MI the presence of a Q wave in the inferior leads depends 
on the importance of inferior wall involvement. 

Lastly, in Figures 13.74 and 13.75 we show the new cri- 
teria and the three types of RS morphology seen in the 


Infarction area Most probable 


Name Type ECG pattern (CE-CMR) place of occlusion 


Anteroseptal, Septal A1 Q in V1-V2 


zone 


Inferolateral, 
zone 


Apical- A2 Q in V1-V2 to 
anterior V3-V6 


Extensive A3 Q in V1-V2 to 
anterior V4-V6, | and 


Mid- A4 Q (qs or qr) in 
anterior aVL (I) and 


Lateral B1 RS in V1-V2 


Inferior B2 Q in II, Ill, aVF 


Inferolateral B3 Q in II, Ill, Vf 


LAD 
SE: 100% 
SP: 97% 


SE: 85% 
SP: 98% 


LAD 


aVL 
SE: 83% 
SP: 100% 


LAD 


sometimes in 
V2-V3 

SE: 67% 

SP: 100% 


LCX 


and/or q wave 
in leads I, aVL, 
V6 and/or 
diminished R 
wave in V6 
SE: 67% 

Sp: 99% 


| 


SE: 88% 
SP: 97% 


(B2) and Q in I, 


VL, V5-V6 Figure 13.65 Different types of ECG- 

and/or RS in V1 contrast-enhanced cardiovascular magnetic 
(B1) resonance (CE-CMR) correlations in Q wave 
SE: 73% Se MI (see text) (Reproduced with permission 
SP: 98% from Bayés de Luna et al. 2006). 


Table 13.8 Proportions of agreement between patterns and contrast-enhanced cardiovascular magnetic 
resonance for the different myocardial infarction locations and their 95% confidence interval 


Myocardial infarction location Proportions of agreement 95% Confidence interval 


CE-CMR location ECG pattern? Expected by chance Observed Lower limit Upper limit 


Septal A-1 0.07 0.75 0.35 0.95 
Apical-anterior A-2 0.09 0.7 0.35 0.92 
Extensive anterior A-3 0.04 0.8 0.30 0.99 
Mid-anterior A-4 0.030 1 0.31 1.0 
Lateral B-1 0.045 0.8 0.30 0.99 
Inferior B-2 0.11 0.81 0.48 0.97 
Infero-lateral B-3 0.15 0.8 0.51 0.95 
Composite 0.17 0.88 0:75 0.95 


CE-CMR, contrast-enhanced cardiovascular magnetic resonance. 

a ECG pattern: A-1: Q in V1-V2; A-2: Q in V1-V2 to V3-V6; A-3: Q in V1-V2 to V4-V6, | and aVL; A-4: Q (qs or qr) in 
aVL (I) and sometimes in V2-V3; B-1: RS in V1-V2 and/or Q wave in leads |, aVL, V6 and/or diminished R wave in 
V6; B-2: Q in Il, IIl, aVF; B-3: Q in Il, Ill, Vf (B2) and Q in |, VL, V5-V6 and/or RS in V1 (B1). 

Reproduced with permission from Bayes de Luna et al. (2006). 


Figure 13.66 Example of large septal 
myocardial infarction (type A-1): ECG 
criteria (Q in V1-V2 with rS in Ve), 
most probable site of occlusion, 
contrast-enhanced cardiovascular 
magnetic resonance (CE-CMR) 
images and vectorcardiographic 
(VCG) loops. The septal infraction is 
very extensive, encompassing the 
most of the septal wall at all levels— 
basal (A), mid (B), and apical (C) on 
the transverse plane. There is small 
extension towards the anterior wall at 
mid and apical levels (arrows). 


Figure 13.67 Example of apical-ante- 
rior myocardial infarction (Q wave 
beyond V2). In the horizontal plane 
(A) the septal and apical involvement 
is seen. The sagittal plane (B) shows 
that the inferior involvement is even 
larger than the anterior involvement, 
and in the mid and low transverse 
transections, especially in D, septal 
and inferior involvement is seen. 


Ischemia and Necrosis 255 


Wigi prelat Infarction area 
Type} ECG pattern bade: a (CMR) Vector cardiographic loops 


as i | 
a or — Bs iiia K Wa- 
; 1 va 
| 


ae 


Senne eae: |e, ennui Bo Ly, ais GAT coe and La. 
Ill aVF V3” | Ve 


Mo probable Infarction area 
Type [ECG pattern place of (CMR) Vector cardiographic loops 
occlusion 


Apical- 


anterior 


Most probable i 
Name Pre ECG pattern ae ai Cae Vector cardiographic loops 
occlusion 
HP 
| 


Extensive 


anterior 


Figure 13.68 Example of extensive 
anterior myocardial infarction (type 
A-3) (Q in precordial leads and VL, 
with qrs in L), most probable site 

of occlusion, contrast-enhanced 
cardiovascular magnetic resonance 
(CE-CMR) images and vectorcardio- 
graphic (VCG) loops. CE-CMR images 
show the extensive involvement of the 
septal, anterior, and lateral walls, less 
the highest part of the lateral wall 

(see B and C). The involvement of 
segments 7 and 12 explain that in 

this MI there is a W in VL that is not 
present in MI of apical-anterior 

type. (A) Oblique sagittal view. (B) 
Longitudinal horizontal plane view. 
(C to E) Transverse views. The inferior 
wall is the only spared. The LAD 

is not very large and therefore the 
inferior involvement is not extensive 
(see A). Due to that there is QS in aVL 
and R in II, II, and aVF together with 
Qin V1 to V5. 
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Figure 13.69 Example of mid-anterior 
myocardial infarction (type A-4) 

(QS in VL without Q in V5-6), most 
probable place of occlusion, contrast- 
enhanced cardiovascular magnetic 
resonance (CE-CMR) images and 
vectorcardiographic (VCG) loops. 
CE-CMR images show in transverse 
plane mid-low-anterior and lateral 
wall involvement (B,C). 


Figure 13.70 Example of lateral 
myocardial infarction (MI) with 
RS in V1 (type B-1). See the 
most probable place of 
occlusion, the contrast- 
enhanced cardiovascular 
magnetic resonance (CE-CMR) 
image, and the VCG loops. The 
CE-CMR images show that in 
this case the MI involves 
especially the basal and mid 
part of the lateral wall (A-C) 
(longitudinal horizontal and 
transverse planes) but not the 
apical part (D). 


Figure 13.71 Example of inferior 
myocardial infarction (MI) with Q in 
IL OI, and aVF and rS in V1. See the 
most probable place of occlusion, the 
contrast-enhanced cardiovascular 
magnetic resonance (CE-CMR) 
images, and the VCG loop. CE-CMR 
shows involvement of segments 4 
and 10 and part of 15 and 3 and 9 
(septal-inferior involvement) (A-C). 
The lateral wall is practically sparse. 
The most apical part of the inferior 
wall is not involved (D). In spite of 
the clear involvement of segment 4 
(see A and D), the morphology of 

V1 is rS. Therefore, in presence of 
MI of segment 4 (old posterior wall) 
without involvement of the lateral 
wall there is no RS in V1. 
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Figure 13.72 Example of inferolateral myocardial 
infarction (MI) (Q in IL, II, and VF, and RS in V1), 
most probable place of occlusion (RCA), the 
contrast-enhanced cardiovascular magnetic 
resonance (CE-CMR) images, and the 
corresponding VCG loops. The CMR shows 
involvement of the inferior wall and also part 

of the lateral wall. (A) Sagittal-like transection 
showing the involvement of the inferior wall. 
(B-D) Transverse transections at basal, mid, and 
apical level showing the lateral involvement, 
especially at mid and apical levels. 


Figure 13.73 (A,B) Example of apical-anterior 
la! B oe infarction with inferior involvement equal to or 
A greater than the anterior. There is Q wave in the 
: inferior leads that is not usually seen in cases of 
apical-anterior MI with anteroseptal involvement 
greater than the inferior involvement (C). 


Lateral MI INFERIOR MI 
(inferobasal) 


A: Unique R wave 

Figure 13.74 The three typical patterns of 
R in V1 in lateral myocardial infarction 
(MI) (A-C) compared with inferior MI (D). 


B: R/S =1 with large S wave and R wave > 3mm 


C: R/S > 0.5 with small S wave and R wave < 3mm 
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Figure 13.75 (A,B) Direction of necrosis vector in the case of myocardial infarction (MI) of inferobasal segment (old posterior wall) that 
does not produce RS in V1 and necrosis vector of lateral myocardial infarction (MI) that produces this pattern. (C) The new ECG criteria of 
lateral MI in V1 (R/S >0.5, R amplitude >3 mm, and duration >40 ms, and S <3 mm). 
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Figure 13.76 Left: The involved area in the case of inferior, posterior, and inferoposterior myocardial infarction (MI) with the classical 

ECG patterns in the chronic phase according to the old concept; right side shows that with the new concept exposed in this book the name 
posterior disappears. The RS pattern in V1 is explained by lateral MI and the MI of the inferobasal segment of inferior wall (classically 
posterior wall) does not generate Q wave because it is a zone of late depolarization. Therefore, the MIs of the inferolateral zone are clustered 
in three groups: inferior (Q in IL, II, and VF), lateral (RS in V1 and/or abnormal Q in lateral leadas), and inferolateral (both patterns). 


case of lateral MI (Bayés de Luna et al. 2008; Bayés de 
Luna and Fiol 2008). 

The most important conclusions of these correlations 
are as follows: 
e R/S 21 in V1 is never a result of MI of the inferoba- 
sal segment (old posterior wall) but instead, it is always 
a result of MI of the lateral wall (100% specificity) 
(Figure 13.74). Other new criteria for lateral MI (R/S 
>0.5 in V1 and an S wave <3mm in V1) maintain good 
specificity with an increase of sensitivity (Bayes de Luna 
et al. 2008) (Figure 13.75). 
e Exclusive MI of the inferior wall, including the 
inferobasal segment (old posterior wall), never present 
with prominent R waves in V1 (Figure 13.71). Therefore 
a new concept of inferior, lateral, and inferolateral 
infarction arises, which supercedes the diagnosis of 
posterior MI (Figure 13.76). 
e Q wave in VL (and sometimes in I and small q in V2- 
V3) is not caused by high lateral MI perfused by LCX 
but by mid-anterior MI due to occlusion of the first 
diagonal (Figure 13.69). 


e In the presence of MI of the anteroseptal zone with Q 
wave beyond V2, the presence of Q in I and/or VL sug- 
gests that the infarction is more extensive than the apical 
zone (Figure 13.68). What is more difficult is to differenti- 
ate the MI of the anteroseptal zone, especially when the 
location depends on the presence or not of Q wave in 
V3-V5. This is because the location of electrodes in 
the appropriate place in these leads may change if the per- 
son that performs the ECG does not follow the same 
methodology for the location of electrodes. Because of 
this, the sensitivity and specificity of Q wave to differenti- 
ate distinct MIs of the anteroseptal area may change 
unless a strict methodology of location of electrodes is 
used (Bayés de Luna and Fiol 2008; Garcia Niebla et al. 
2009) (Figure 13.77). 


Fractioned QRS 

From an electrocardiographic point of view, the Q 
wave has been considered to be the only specific find- 
ing in chronic MI. MI without Q wave in the chronic 
phase does not show any specific ECG signs that allow its 
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Figure 13.77 (A) A patient with myocardial infarction (MI) of the anteroseptal zone in a subacute phase: (1) normal recording that displays 
extension of Q waves up to V6 (qrs). Small changes in the placement of precordial V3-V6 leads have significantly modified the morphol- 

ogy of ORS, now being qR in lead V6. Therefore, according to the classical concept we would say that ECG (1) shows low lateral extension, 
while ECG (2) does not. (B) A patient with MI of the inferolateral zone (R 2 S in V1) and QR in V6 (1). After having moved precordial leads 


a little bit to the right (2) the QR pattern in V6 disappears. 


+120°/ 490° ~~ +120°/+90°! À 
‘@ A“ Ill VF I 


identification. However, in coronary patients it is already 
known from many years (Horan et al. 1971) that some 
changes in the mid-late part of QRS are also specific signs 
of chronic MI. These changes have now been reviewed 
(Das et al. 2006) and named fractioned QRS, to include 
morphologies such as low R in V6, rsr in some leads (I, II, 
precordial leads), notches and slurrings in the QRS, in at 
least two contiguous leads (Figures 13.78, 13.79 and 
20.34). However, polyphasic ORS (rsr’) in one inferior 
leads as an isolated finding may often be seen in normal 
individuals (see Figure 7.11). 

These anomalies in the mid to late part of QRS corre- 
spond to a necrotic area that does not involve the whole 
wall or affect basal areas of the left ventricle transmurally, 
which, because they have recently been depolarized can- 
not produce pathological Q waves. These correspond to 
basal segments according to standardized myocardial 
segmentation nomenclature (Cerqueira et al. 2002). The 
fractioned QRS may appear either isolated or in the pres- 
ence of a pathological Q wave. 


Figure 13.78 If the necrosis affects the 
areas of late ventricular depolarization 
(gray in C), instead of pathologic Q 
wave, it will result in a change of the 
direction of the vectors of the second part 
of QRS, which is presented as “slurrings” 
in the terminal part of ORS in II, II, VF, 
and V5-V6 or as rr’ or r’ of a very low 
voltage in precordial leads and/or I or I, 
or even slurrings in the beginning of ST 
segment (A,B). These morphologies are 
considered as QRS (Reproduced with 
permission from Das et al. 2006). 


MI with a fractioned QRS forms part of the MI with- 
out Q wave which will be discussed in Chapter 20 
(Table 20.5). As we have said, it has been reported (Das 
et al. 2006) that the presence of fractioned QRS pro- 
vides a more accurate criterion for the diagnosis of 
necrosis than the existence of a Q wave. However, it is 
necessary to match these morphologies with the clinical 
setting because they may also be seen in normal 
subjects. 


Pathologic Q waves or fractioned ORS in 
patients without ischemic heart disease 

The specificity of the pathologic Q wave for diagnosing 
myocardial necrosis is relatively high; however, it must be 
noted that similar “Q” waves are seen in other processes 
(Table 13.9). Figures 10.24 and 13.80 show two exemples 
of Q wave not due to IHD. The first case is an HCM and 
the second one a myocarditis. In the presence of pathologic 
Q waves the diagnosis of acute MI is based not only on 
ECG findings, but also on the clinical setting, as well as on 
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leads II and V5). 


Table 13.9 Pathologic Q wave not secondary to myocardial infarction 


1. During the evolution of an acute (ischemic or not) disease involving the heart 


1.1. 
1.2. 
13: 


Coronary spasm (Prinzmetal angina type) 


“un 


Acute myocarditis 

Pulmonary embolism 
iscellaneous: toxic agents etc. 
2. Chronic pattern 

Recording artifacts 


Acute coronary syndrome with an aborted infarction 


Presence of transient apical dyskinesia that also shows ST segment elevation and a transient pathologic 
q” wave. Probably corresponds to an aborted infarction 


ormal variants: VL in the vertical heart and Ill in the dextrorotated and horizontalized heart 
QS in V1 (hardly even in V2) in septal fibrosis, emphysema, the elderly, chest abnormalities, etc. 
Some types of right ventricular hypertrophy (chronic cor pulmonale) or left ventricular hypertrophy (QS in 


“ua 


V1-V2, or slow increase in R wave in precordial leads, or abnormal “q” wave in hypertrophic 
cardiomyopathy) (septal hypertrophy) sometimes deep but narrow and usually with normal repolarization 


2.5. Left bundle branch conduction abnormalities 
2.6. 

etc.) 
2.7, Wolff-Parkinson—White syndrome 


Pheochromocytoma 


Infiltrative processes (amyloidosis, sarcoidosis, tumors, chronic myocarditis, dilated cardiomyopathy, 


Congenital heart diseases (coronary artery abnormalities, dextrocardia) 


3. Presence of prominent R in V1 not due to a mirror pattern Q equivalent of lateral MI (see Table 10.3) 


enzymatic changes. The presence of ST/T alterations 
accompanying a pathologic Q wave gives support to an 
IHD as the cause for this ECG pattern. However, in 5-25% 
of infarctions (higher incidence in inferior infarction), the 
Q wave may disappear with time (Figure 13.31). 

Thus, the sensitivity of the ECG for detecting old infarc- 
tions is not very high due to: 
e the large number of MIs without Q wave (MI of the 
basal parts of the heart, etc.) (see Chapter 20); 
e the presence of confounding factors—ventricular 
blocks, pacemakers, WPW; 
e cases where the Q waves disappear due to improve- 
ment (collaterals) (Figure 13.31 and 20.35); 


e the presence of new infarction (lateral plus septal) 
(Color Plate 4) (see Chapter 20). 

Furthermore, fractioned QRS also arises in other dis- 
eases or circumstances, such as ventricular aneurysm 
(Das et al. 2006) and the Brugada syndrome (Morita et al. 
2008). 


Diagnosis of Q wave MI in patients with 
intraventricular blocks pacemaker of WPW 
Complete right bundle branch block (Figures 
13.81-13.83) 

The start of the cardiac activation is normal in the presence 
of a complete RBBB and, consequently, in the course of an 
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infarction. ECG changes occur in the first part of the QRS 
complex, as in normal conditions. This causes an infarc- 
tion Q wave that usually makes a distortion in the general 
morphology of the bundle branch block. For example, in 
the course of an extensive infarction of the anteroseptal 
zone not only a Q wave appears in precordial leads but 
also a QS pattern because of the large infarcted area 
(Figure 13.81). In this figure, good correlation of Q waves 
with the infarcted area detected by CE-CMR may be seen. 
The basal segments, especially of the lateral area, are 
spared. However, despite the lack of high lateral infarc- 
tion a QS morphology is seen in VL (and almost in lead I), 
due to the large mid-low anterior infarction with mid-low 
lateral extension. It has already been discussed (see above) 


Figure 13.80 (A) Patient with acute myocarditis 
and ECG with signs of RBBB plus superoanterior 
hemiblock (SAH) and Q wave of necrosis in many 
leads. After the acute phase (B), the Q waves 
practically disappear and also the SAH. In many 
leads a mild and diffuse pattern of subepicardial 

| ischemia is still present. Note the low voltage in 
=e both ECGs. 


Figure 13.81 ECG-VCG correlation in the case of isolated 
right bundle branch block (RBBB) (left) and RBBB plus 
anteroseptal myocardial infarction (MI) (right). 


that the QS morphology in VL is not caused by high 
lateral infarction (OM occlusion) but by mid-anterior 
infarction (diagonal occlusion). As the LAD is not very 
long, the infarcted inferior area is small (see A and D) and 
therefore, the Q wave of inferior infarction is not recorded. 

When the MI involves the inferolateral wall, Q in 
inferior leads and/or an isolated R wave in V1-V2 with the 
notches in mid-late with depressed ST of concave morphol- 
ogy and often positive T wave, all expressions of lateral 
injury /infarction may be present (Figures 13.82 and 13.83). 

Also in the acute phase, the ST segment may be more or 
less elevated in V1-V2 (Figure 13.52) instead of isodiphasic 
or mildly depressed in V1 as it is in isolated RBBB 
(Figure 11.8). 
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Figure 13.82 Patient with complete right bundle branch block (RBBB) and myocardial infarction type A-3 (extensive anterior myocardial 
infarction (MI) due to proximal LAD occlusion). Observe the Q wave in precordial leads and the QS morphology in VL. Contrast-enhanced 
cardiovascular magnetic resonance (CE-CMR) images (A-E) show important involvement of lateral, anterior, and septal walls, and even 
the lower part of inferior wall (E). The lateral involvement (B, D, and E in white) is more important than in the apical-anterior MI even 
when there is an anteroseptal extension but the basal lateral segments are spared because they are perfused by the circumflex artery. The 
QS in VL is due to left anterior descending (LAD) artery occlusion before the first diagonal. 


Figure 13.83 (A) Patient with complete right 
bundle branch block (RBBB) in acute phase of 
inferolateral infarction. ST segment depres- 
sion is seen in V1, V2, and V3 with final 
positive T wave and Q wave in inferior leads. 
The high localization of the “notch” on the 
upward slope of the R wave supports the 
involvement of lateral wall. (B) The diagnosis 
of inferolateral infarction is confirmed when 
the RBBB resolves after a few days (Q in II, M, 
VF and R in V1, and QS in V6). 


Complete left bundle branch block (Figures 
13.84-13.87) 

In the presence of complete LBBB, even when large 
ventricular areas are infarcted, the general direction 
of the depolarization often does not change too 
much. This occurs because the vectors are still directed 
from right to left, and Q waves are often not recorded 
(Figure 13.84). 
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The QRS loop that is normally directed initially some- 
what anteriorly and leftwards, and then posteriorly, may 
be directed exclusively posteriorly and/or with an anom- 
alous rotation (Figures 13.84-13.86). However, if we look 
with great detail at the ECG we may find small changes 
that may suggest an associated infarction. For example, 
there may be a “q” wave in I and VL (Figure 13.87) that is 
not recorded in the isolated LBBB. In other cases the 


x 
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Figure 13.84 (A, B) Ventricular activation in the case of left bundle branch block (LBBB) and how this activation explains the LBBB 
morphology according to the ECG-VCG correlation. (C) However, when the infarcted area is extensive, it may produce changes in the 
direction of the vectors and in the morphology of the loop that explains the appearance of Q waves in the ECG.(D) The association of 
infarction frequently produces changes in the QRS loop that usually do not modify the ECG pattern of chronic infarction. 
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Figure 13.85 Example of the usefulness of vectorcardiography (VCG) to diagnose associated necrosis. In the case of left bundle branch 
block (LBBB) the loop shows a figure-of-eight morphology. In the horizontal plane that is abnormal and suggests the presence of associated 
necrosis in a patient with ischemic heart disease. The ECG does not suggest evident signs of necrosis, as the QRS is practically normal, 
although the presence of r 21mm in V1 and symmetric T wave in I, VL, and V5 is not usually seen in isolated LBBB. 
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Figure 13.86 ECG-VCG of complete left bundle branch block (LBBB) with signs suggesting associated infarction. This might be suspected 
from the morphology in V5 (qrs) and evident slurrings in V2-V4 (Cabrera’s sign). Also, the initial forces are posterior in the VCG, which is 


abnormal and clearly suggests associated myocardial infarction. 


abnormality is the presence of rS in V1 (r 22mm) and qR 
in V6. In Figure 13.86 the morphology from V3 to V5 is 
suspicious of an associated infarction. 

In the 1950s the Mexican School (Sodi Pallares and 
Rodriguez 1952) described ECG signs based on the changes 
of the QRS morphology with or without the development 
of Q waves (Sodi 1956; Cabrera 1958). Studies assessing 
the correlation between ECG and scintigraphy have 
proven that most of these signs were not very sensitive, 
even though they were specific (Wackers et al. 1978) 
(Table 13.10). The most specific QRS criteria (90%), even 
though they show a low sensitivity (30%), are the follow- 
ing (Figures 13.85-13.87 and Table 13.10): 

e An abnormal Q wave (QS or OR morphology) in leads 
I, VL, V4-V6, II, and VF (Figure 13.87). 

e Notches in the ascendent limb of R wave or qrS in I, VL, 
V5, and V6 (Chapman’s criterion) (Figure 13.86). 

e Notches in the ascending limb of the S wave in the 
intermediate precordial leads V2-V4 (Cabrera’s criterion) 
(Figure 13.86). 

e The presence of an R wave (rS and RS) in V1 and RS in V6. 

CE-CMR confirms often the location of necrosis in case 
of Q-wave MI (Figure 13.87) shows that in the presence of 
LBBB, the presence of a Q wave in lead I and VL with 
notches in the ascending limb of S in the precordial leads, 
is due to infarction caused by a proximal occlusion of LAD 
above the diagonal branches involving all the anterior and 
septal walls, with also mid-lateral wall involvement. 

With respect to chronic repolarization abnormalities, 
the negative T wave is more symmetric than that in the 
isolated complete LBBB (Figures 3.16 and 13.53B). In clini- 


cal practice a positive T wave in V5 and V6 is usually seen 
when the LBBB is not too advanced (QRS <130ms), and 
septal repolarization does not predominate completely 
over left ventricular repolarization. In some cases of very 
advanced LBBB this may be the expression of changes of 
repolarization polarity induced by right septal ischemia 
(Sodi 1956). 


Hemiblocks 

The location of two classical divisions of the left bundle— 
superoanterior and inferoposterior—with the middle 
fibers are also usually present in the sagittal view and in 
the left ventricular cone. We will now examine the follow- 
ing aspects of the associations between MI and block of 
the two classical divisions of the left bundle (hemiblocks) 
(Rosenbaum et al. 1968). We will refer to the diagnosis in 
the chronic phase. The hemiblocks do not alter the 
repolarization changes that can be observed in the acute 
phase of MI. 

The late activation of some areas of the left ventricle 
due to the presence of hemiblocks explains the finding 
that sometimes the late QRS complex forces are opposed 
to the infarction Q wave. This association was recog- 
nized for many years before the concept of hemiblocks 
was coined, and was seen as part of the concept of “per 
infarction block.” Because hemiblocks are diagnosed 
mainly by changes in the vector’s direction in the frontal 
plane, the ECG changes secondary to the association 
with MI will be particularly noted in the frontal plane 
leads. However, the hemiblocks do not modify the diag- 
nosis of MI of the anteroseptal zone in the precordial 
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Figure 13.87 The ECG of a patient with complete left bundle branch block (LBBB) and associated infarction. There are ECG features 
suggestive of extensive anterior myocardial infarction (qR in I, QR in VL, and low voltage of S in V3 to V6 with notches suggestive of 
myocardial infarction (MI) of the anteroseptal zone). The cardiovascular magnetic resonance (CMR) images (A-D) demonstrate the 
presence of an extensive infarction of anteroseptal zone (type A-3) (proximal LAD occlusion). The inferior wall is free of necrosis (see D), 
because the LAD does not wrap around the apex. In the transverse transection in CMR (A-C) it can be seen that the MI involves most of 
the anterior and septal walls with also lateral extension, but the high lateral wall is spared (A), because it is perfused by LCX, and the 
inferior wall because the LAD is not long. 


leads (horizontal plane), but may modify the presence or 
appearance of Q waves in the inferior leads (inferior MI) 


Table 13.10 Sensitivity, specificity, and predictive values of various ECG criteria? for patients with acute myocardial 
infarction, in relation to the specific infarction localization detected by 201 thallium scintigraphy 


Predictive Value % 


Sensitivity % 


Specificity % 


All AS | 

ECG Criteria AMI Controls A AMI All All AS A | 
Cabrera's sign? 27 47 — 20 87 76 47 12 18 
Chapman's sign* 21 23 34 — 91 75 33 41 — 
Initial (0.04s) notching of QRS in 19 22 13 27 88 67 17 17 34 
Il, III and precordial leads 
RS in V; 8 18 — — 91 50 50 — — 
Abnormal Q in I, VL, IIl, VF and V, 31 53 27 13 91 83 50 22 11 

QV,, RV, — 20 — — 100 — 100 — — 
ST elevation? 54 76 40 47 97 96 48 22 46 
Positive T in leads with positive 8 — 7 20 76 33 — 8 25 
QRS 


a Positive response for at least two observers. A = anterior (lateral) infarction; AMI = acute myocardial infarction; 
AS = anteroseptal infarction; | = interior (posterior) infarction. 

e Notching of 0.05 sec in duration in the ascendent limb of the S wave in V,-V,. 

e Notching of ascendant limb of R wave in I, VL, V, or V,. 

4 More than 2mm concordant with main ORS deflection or >7 mm discordant with main deflection. 

Adapted with permission from Wackers et al. (1978). 


hemiblocks concealed by Q wave; and (iv) pseudonecrosis 
pattern induced by hemiblocks. 


and in VL (mid-anterior MI or extensive MI involving 


mid-anterior area). 
In the following sections we discuss: (i) diagnosis of the 
association; (ii) hemiblocks masking Q wave; (iii) 


Diagnosis of the association 
e Infarction of the inferior wall associated with a 
superanterior hemiblock (SAH) or an inferoposterior 


QRS loop in FP 
(isolated SAH) 
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Figure 13.88 Inferior infarction associated with superoanterior 
hemiblock (SAH). (A) When the necrosis is rather large and 
comprises the area where ventricular depolarization is initiated 
in the case of SAH (point A+C), the first vector of ventricular 
depolarization (1) is neutralized by the infarction vector (inf.V.) 
and the loop first goes directly upwards and then, due to the 
SAH (see lower frontal plane image) instead of rotating in the 
clockwise direction downward, it rotates in the counterclockwise 
direction upward (2). Consequently, a QS morphology often 
develops with slurrings and generally with a negative T wave in 
IIL, VF, and even lead II, but without a terminal “r” wave because 
the final portion of the loop falls in the negative hemifield of 
these leads. In the isolated inferior infarction, there is a terminal 
“r” wave (at least in II), because the final part of the loop that 
rotates in the clockwise direction is usually in the positive 
hemifield of inferior leads (at least of lead II). (B,C) ECG-VCG 
example of the inferior infarction in the presence of SAH. 


hemiblock (IPH): Figures 13.88 and 13.89 show two 
typical examples of these associations with the scheme of 
the infarcted area, the QRS loop that shows the change in 
direction of depolarization, and the ECG-VCG correlation 
(see legends). 

e Anterior infarction associated with an SAH (Figure 
13.90) or IPH (Figure 13.91). Again, the legends are self 
explanatory. 


Hemiblocks masking Q waves 

The presence of a hemiblock can also mask the presence 
of a coexistent infarction. We will briefly discuss some 
examples. 

e An SAH may mask the Q wave of infarction. For 
example, in the case of a small inferior infarction 
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Figure 13.89 Inferior infarction associated with an inferoposterior 
hemiblock (IPH). (A) The vector of the first part of the activation 
(the sum of the normal activation initiating vector in the case of 
an IPH (see B-I) plus the infarction vector (Inf.V) moves away 
from the inferior wall more than would be seen in an isolated IPH 
and is opposite to the final vector of ventricular depolarization 
that is directed downwards because of the IPH (vector 2). This 
explains why the QRS loop is moving further upwards and opens 
more than normal, generating the qR (QR) morphology in IIT and 
VF and RS in I and Rs in VL (see ECG-VCG drawings of isolated 
IPH and IPH associated with inferior myocardial infarction (MI) 
on the right side of (A). (B,C) ECG-VCG correlation of inferior 
infarction plus IPH. 


(Figure 13.92) if no SAH existed, the entire loop would 
rotate clockwise, first above and generally below, the 
axis of lead X, and would be recorded as a Qr complex in 
some inferior leads (Figure 13.96A-C). In the presence of 
a small inferior MI, the area that starts the left ventricular 
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Figure 13.90 Mid-anterior infarction associated with superoanterior 
hemiblock (SAH). (A) The vector of the first part of the activation 
(that is the sum of vector 1, which is generated in A+C, plus the 
infarction vector (Inf.V.) (which moves away from VL) is opposite 
to the final vector of the ventricular depolarization due to the SAH 
(vector 2). This explains why the initial part of the QRS loop moves 
more rightwards and downwards and generates an RS morphol- 
ogy in II, II, and VF with RII > RII and QR in VL and I. (B) ECG 
example of mid-anterior infarction (type A-4) plus an SAH. 


activation in the case of SAH is spared and may produce 
a small initial “r” even in the presence of inferior MI. The 
“r” wave in II being higher than the “r” wave in II sup- 
ports the diagnosis of added inferior infarction (see 
legend). 

e In the case of a small septal infarction, the SAH may 
mask the infarction in horizontalized hearts (Figure 
13.93). In that figure it is seen that a high positioning of 
the V1-V2 leads in the third intercostal space may be 
necessary in obese patients to check for a QS morphology, 


which would suggest the presence of an associated septal 
infarction (see legend). 

e An IPH may mask a Q wave of infarction. In the case 
of a small mid-anterior infarction (Figure 13.94), the area 
where the depolarization begins in the IPH (B in Figure 
13.94) is spared. This initial depolarization vector (1) par- 
tially counteracts the vector of infarction (in vector) and 
gives rise to an initial, sometimes slurred, “r” wave in III 
and VL that masks the mid-anterior infarction (see 
legend). 

e In the case of a small infarction of the septal area, the 
IPH may mask the infarction in vertical hearts (Figure 
13.95). In this figure it is seen that in the case of IPH, the 
first vector in vertical heart, the beginning of ORS, is 
recorded as positive (rS pattern) in the fourth intercostal 
space (Figure 13.95B), because these leads are higher than 
those in the normal heart (Figure 13.95A). They should be 
positioned in the fifth intercostal space to record a QS 
morphology in V1-V2 so that the diagnosis may be 
confirmed. 

e In the case of a large inferior infarction, the associa- 
tion of an IPH may convert the morphology QS or Qr in 
inferior leads in QR or even qR and therefore the IPH may 
partially mask the inferior MI (Figure 13.89). 


Q waves of infarction masking hemiblocks 

The following cases may occur: 

e Q wave of infarction masking an SAH: On certain 
occasions, large inferior infarctions may make the diag- 
nosis of hemiblock difficult. This occurs because the rS 
morphology disappears and a QS morphology is seen 
in all the inferior wall leads (Figure 13.88). In a mid- 
anterior infarction the RS morphology in the inferior 
wall may make the diagnosis of SAH more difficult 
(Figure 13.90). 

e Q wave of infarction masking an IPH: In large ante- 
rior infarctions associated with an IPH, a QS morphology 
is seen in VL (instead of an rs morphology in the isolated 
IPH) (Figure 13.91) and in inferior infarctions a OR 
morphology (instead of qR morphology) (Figure 13.89). 
In these cases the hemiblocks may be masked to some 
degree because the typical IPH morphology has changed 
due to the infarction. 


False Q wave patterns due to hemiblocks 

When the V1-V2 electrodes are positioned very high, an 
initial “Q” wave may be recorded in SAH, due to the first 
activation vector, which is directed downwards. This sug- 
gests the false pattern of septal infarction that disappears 
when the electrodes are located more inferiorly. It has 
already been stated that in obese or very lean individuals 
the higher or lower positioning of electrodes V1-V2 may 
be required to find patterns of added true septal infarction 
(Figures 13.93 and 13.95) (see Hemiblocks masking Q 
waves). 
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Figure 13.91 Extensive anterior infarction including mid-anterior wall 
associated with inferoposterior hemiblock (IPH). (A) The first ventricular 
depolarization vector (1) generated in A+B areas in case of isolated IPH ll VL ne V5 


is directed upwards. However, in the case of extensive anterior infarction 
plus IPH, the infarction vector (Inf. V) is more important than the first 
depolarization vector and all the loops move away from the infarcted 
area in the same direction of the second vector of depolarization (2). 
Consequently, all the activation (loop) is moving away from VL and I, Ill VF 
which explains the QS morphologies in VL and sometimes I, with a 
dominant R wave, generally pure R wave in I, HI, and VF (see the 
drawings of isolated IPH and IPH + associated anterior myocardial 
infarction (MI) ). (B) ECG of extensive anterior infarction associated 


with an IPH. 


Figure 13.92 Superoanterior hemiblock (SAH) may mask 

a small inferior infarction. (A) In this situation, when in 

the presence of an SAH the area initiating the ventricular 
depolarization (A-C) is spared by the necrosis, vector 1 that 
is directed downwards and rightwards can be only partially 
counterbalanced by the relatively small infarction vector 
(Inf.V). This allows the loop to initiate its movement 
downwards and rightwards, and then rotates immediately 
upwards. The loop (see the low right side of A) can mask 
the inferior infarction pattern (QS in III and VF) and 

may show as slurred rS morphology and often riM > rll. 

(B) ECG-VCG of small inferior infarction plus SAH 

(see the rotation of QRS loop in the frontal plane that 
explains the rI > rll). 
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Figure 13.93 (A) Normal habitus. In the 
presence of small septal infarction with 
superoanterior hemiblock (SAH), the 
infarction vector is directed newly 
backwards for the necrosis and downwards 
for the SAH, and in V1 and V2, as in 
patients without SAH, a QS pattern is 
recorded. (B) In an obese patient the same 
area of necrosis with SAH can produce an 
1S morphology in V1 and V2, because 
although the vector is oriented backwards 
: : and downwards, since it is above the 
eoneAViih necrosis normal V1 and V2 due to obesity, the leads 
© Blocked Zone at this place record the head of the first 
vector as positive. In this case, a higher 
V1-V2 lead (third intercostal space) records 
the tail of the first vector as QS and confirms 
the diagnosis of small septal infarction 
associated with SAH. The two black points 
represent the onset of depolarization. 
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Figure 13.94 Inferoposterior hemiblock (IPH) may mask 
small mid-anterior infarction. In this situation, when in the 
presence of an IPH, the ventricular depolarization initiating 
eal sane area (A+B) is spared by the small necrosis, the first vector 
MI + IPH) of depolarization vector 1, which is directed upwards, can 
l counteract the relatively small infarction vector (Inf. V). 
T This allows the initial part of the loop to show slurred 
l 


! 
i i y conduction but directed as in the isolated IPH. This loop 
.— (see the right side of the figure) can mask the mid-anterior 
infarction pattern (QS in VL and sometimes in lead I) and 


explains a slurred “r” S morphology in VL with slurred qR 


pattern in the inferior leads. 
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Figure 13.95 (A) Normal habitus. In the presence of small septal infarction with inferoposterior hemiblock (IPH), the infarction vector 
is directed backwards for the necrosis and upwards for IPH, and in V1 and V2, as in patients without IPH, a QS pattern is recorded. 
(B) Ina very lean patient the same area of necrosis in the presence of IPH can generate an rS morphology in V1 and V2, in spite of the 
backward and upward direction of the vector. These leads record the head of the first vector as positive because they are in a higher 
position than the normal V1 and V2 due to lean body habitus. In this case, a lower V1—V2 (fifth interspace) records the tail of the first 
vector as QS and confirms the diagnosis of a small septal infarction associated with IPH. The two black points represent the onset of 
depolarization. 
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Figure 13.96 Vectorcardiography (VCG) loops in the case of inferior myocardial infarction (MI), in D and E associated with superoanterior 
hemiblock (SAH). In these latter cases due to a special rotation of the QRS loop, the final part of the loop always falls in the negative 
hemifield of II. Therefore the morphology QS (qrs) without terminal r in II, II, and VF (although a qrs morphology may be seen) and with 
the presence of terminal r in VR, favors the presence of associated SAH. In the absence of SAH, even if the entire VCG loop falls above the 
“x” axis (lead I) (B), there would be always terminal r at least in II, but never terminal r in VR (A-C). 
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Figure 13.97 ECG-VCG example of inferior myocardial infarction (MI) + superoanterior hemiblock (SAH). There is q wave in II, NI, and VF 
without terminal r wave (qrs in II and QS in II and VF). VCG loop in frontal plane rotates first clockwise and then counterclockwise. This 
explains the final small “r” in VR (see Figure 13.96). The R in V1>3mm suggests associated lateral MI. 


Q wave in the case of left-deviated AQRS with and 
without SAH (Figure 13.88, 13.92, and 13.96-13.98) 

In spite of the left-deviated AORS, Figures 13.96A-C and 
13.98 show that there is no SAH associated with the infe- 
rior infarction, since the RS loop is always rotating in a 
clockwise direction. With the surface ECG we can 
suspect that there is no coexisting SAH because a Qr 
morphology is seen at least in some inferior leads (see 
Figure 13.96A-C). The final “r” wave is explained by the 
fact that as the loop rotates only in the clockwise direc- 


tion, the final portion is at least in the positive side of 
lead II (Figure 13.96C). Occasionally, in the case of an 
inferior infarction without the coexistence of SAH, the 
loop that makes an entire clockwise rotation is com- 
pletely above the axis of lead X (Figure 13.97). In this 
situation, a QS morphology can be recorded in II and 
VE, and even rS in III, but at least a terminal small “r” 
wave exists in II. 

In the case of associated SAH the final part of the loop 
rotates counterclockwise and this explains why in lead II a 
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QS or qrs morphology may be seen without final 
(Figures 13.96D-E and 13.97). In isolated inferior MI the 
loop is only clockwise and the morphology in I is qR but 
not qrS (Figure 13.98). Thus, although the VCG was thought 
to be the only technique that could assure the presence or 
not of an associated SAH (Benchimol et al. 1972), the correct 
incorporation of the information taken from VCG-ECG 
curves virtually allows us to rule out this association due to 
the presence of a final “r” wave (Qr) in the inferior leads, at 
least in II, and the absence of a final r in VR (see Figure 
13.96D-E compared with A-C and Figures 13.97 and 13.98). 
In turn, the absence of a terminal “r” wave (slurred QS or 
sometimes qrs morphology) in H, III, and AVF with a final 
“r” in VR virtually confirms the presence of an SAH associ- 
ated with the inferior infarction (compare Figures 13.96A-C 
and D-E, and Figures 13.97 and 13.98). 


Wolff-Parkinson-White-type pre-excitation 

(Figure 13.99) 

It is difficult, and sometimes impossible, to confirm the 
association of a Q wave infarction in the presence of a 
Wolff-Parkinson-White-type (WPW-type) pre-excitation. 
In Figure 13.99 we observe that no Q wave is seen in the 
complexes with pre-excitation, despite the existence of an 
apical infarction (second QRS in each lead). When the pre- 
excitation disappears (first complex in each lead), the pres- 


Figure 13.98 ECG-VCG example of 
inferior myocardial infarction (MI) 
without superoanterior hemiblock 
(SAH). There is qR in II, and qr in 

II and VF. VCG loop in the frontal 
plane always rotates clockwise but is 
directed a little bit more downwards 
than usual in the case of inferior MI. 
The last part of the QRS loop fails 
below the “X” axis; lead X is an 
orthogonal lead, equivalent to lead I. 
If all the loop rotating clockwise is 
above the X-axis, the ECG pattern in 
lead II is qr and not qR, as happens in 
this figure. 


ence of Q wave from V1 to V4 is clear. However, during 
the pre-excitation, the presence of evident repolarization 
abnormalities may suggest the coexistence of IHD (sym- 
metric and negative T wave from V2 to V6). We need to 
remember as well that intermittent conduction by the 
right anomalous bypass tract, intermittent complete LBBB, 
and intermittent right ventricular stimulation may be 
accompanied by a negative T wave when the conduction 
is made via the normal pathway, which can be explained 
by a “cardiac memory” phenomenon (Rosenbaum et al. 
1982) (see below). 

The possibility that a WPW-type pre-excitation may 
mask the infarction depends on the type of WPW. When 
the infarct is located contralaterally to the anomalous 
pathway, it is most probable that the infarction is masked. 
However, when the infarction is located ipsilaterally, it is 
most probably detected (Wellens 2006). 


Pacemakers (Figures 13.100-13.102) 

As discussed previously (Chapter 11), patients with 
intermittent right ventricular stimulation, when the stim- 
ulus is conducted via the normal path (Figure 13.100), 
may show a “cardiac memory” phenomenon (lack of 
adequacy of the repolarization to the depolarization 
changes), which explains the anomalous repolarization 
(negative T wave) that is sometimes observed in sinus 
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Figure 13.99 Above: ECG of a 
patient with an intermittent 
Wolff—Parkinson—White syn- 
drome. In all the leads, the first Il VL Vo 
complex shows no pre-excitation, 
while the second complex does. 

In the ECG without pre-excitation, i BRS 
the existence of an apical 
myocardial infarction can be 
observed, while in the ECG with Ill Ve V3 

pre-excitation the primary 

characteristics of repolarization 

can be seen (symmetric T wave 

from V2 to V4). Note how the 

ischemic T wave in the absence Por Sn 

of pre-excitation is flat or negative 

in I and VL, in contrast to what 

happens in the absence of 

ischemic heart disease l 

(Chapter 12). Below: Lead I with 

progressively pre-excitation 

activation (concertina effect). 
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Figure 13.100 Four sets of leads with basal ECG (left) and after pacemaker implantation in the right ventricle (right) in a patient without 
ischemic heart disease. Note the negative T wave in sinus rhythm complexes after implantation due to “cardiac memory” phenomenon. 
Characteristically, in the case of “cardiac memory” repolarization abnormalities in patients without ischemic heart disease, as happens in 
this case, the T wave is positive in I and VL in the presence of inverted T waves in the precordial leads. 
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myocardial infarction plus 
complete right bundle branch 
block (RBBB). (B) The implanted 

pacemaker still allows for the ma N ah ee sins Y WW 
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(spike-qR in I, VL, and V4-V6). 
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rhythm in the absence of IHD. It has been demonstrated 
that in this situation the T wave is negative in the precor- 
dial leads but is positive in I and VL. 

In the chronic phase, the presence of a qR morphology 
after the pacemaker spike (St-qR) from V4 to V6, I, and VL 
(Figure 13.101) is quite useful, being highly specific, but 
less sensitive for the diagnosis of associated MI (Barold 
et al. 1987). Besides, the presence of St-rS morphology in 
VR has been described as quite a sensitive sign, but witha 
low specificity, for the diagnosis of an inferior infarction. 
Finally, an interval between the pacemaker stimulus and 
the beginning of the QRS complex has also been described 
in patients with associated MI (Figure 13.102). This occurs 
when the pacemaker stimulates the fibrotic infarcted area 
(latency) (Wellens et al. 2003). 


Other changes 

Ischemia may induce many other changes, including 
prolongation of QT interval, changes of U wave or P 
wave, distortion of QRS complex, and arrhythmias. 


Changes in P wave 
These may be seen in atrial infarction (see Chapters 9 and 
20; Figure 9.30). 


Distortion of ORS complex 

This may occur especially in very acute severe transmural 
ischemia, such as grade III ischemia, in which case the ST 
elevation brings the S wave upwards (see Chapter 20, 
Figure 20.4). 


Arrhythmias 
The appearance of different types of bradyarrhythmias 
(sinus bradycardia and AV block) and tachyarrhythmias 
(especially atrial fibrillation and ventricular arrhythmias) 
are the frequent in acute ischemia. Ventricular fibrillation 
usually appears without previous ventricular tachycardia 
and, unfortunately, if it occurs outside the cardiac care 
unit leads to sudden death (see Ischemia and sudden 
death, and Arrhythmias in Chapter 20). 

Intraventricular block also occurs, especially in RBBB 
when the LAD occlusion is proximal to the first septal 


k Figure 13.102 A 72-year-old man with previous 
apical-anterior myocardial infarction (MI) 

with anteroseptal extension with an implanted 
pacemaker due to paroxysmal atrioventricular 
block. There is a clear latency between the 
stimulus of pacemaker and the QRS complex. 


branch that perfuses the right bundle. Less frequently, 
LBBB appears because of double perfusion (LAD and LCX). 

For further information see Chapters 14, 15, 16, and 20 
(also consult Bayés de Luna and Fiol 2008; Bayés de Luna 
2011). 
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Chapter 14 


Mechanisms, Classification, and 
Clinical Aspects of Arrhythmias 


Concept 


Arrhythmias are defined as any cardiac rhythms other 
than the normal sinus rhythm. Sinus rhythm originates 
in the sinus node. The ECG characteristics of normal 
sinus rhythm are as follows: 
e A sinus stimulus generated in a sinus node and 
subsequently is transmitted at appropriate rates of con- 
duction transmitted through atria (P wave), the atrioven- 
tricular (AV) junction, and the intraventricular specific 
conduction system (ISCS). It initiates a positive P wave in 
IL II, VF, V2-V6, and positive or +- in leads III and V1. 
e In adults, in the absence of pre-excitation, the PR inter- 
val ranges from 0.12 to 0.20s. 
e At rest, the sinus node discharge cadence ranges from 60 
to 80 beats per minute (bpm) and tends to be regular, 
although it shows generally slight variations, which are not 
evident by palpation or auscultation. Under normal condi- 
tions, however, and particularly in children, it may show 
slight to moderate changes dependent on the phases of res- 
piration, with the heart rate increasing with inspiration. 
Thus, the evidence of a completely fixed heart rate both 
during the day and at night is suggestive of arrhythmia. 

It is important to remember that: 
e The term arrhythmia does not mean rhythm irregular- 
ity, as regular arrhythmias can occur, often with absolute 
stability (flutter, paroxysmal tachycardia, etc.), sometimes 
presenting with heart rates in the normal range, as is the 
case of flutter 4x1. On the other hand, some irregular 
rhythms should not be considered arrhythmias (mild to 
moderate irregularity in the sinus discharge, particularly 
when linked to respiration, as already stated). 
e A diagnosis of arrhythmia in itself does not mean 
pathology. In fact, in healthy subjects, the sporadic presence 
of certain arrhythmias, both active (premature complexes) 
and passive (escape complexes, certain degree of AV block, 
evident sinus arrhythmia, etc.) is frequently observed. 


Classification 


There are various ways to classify cardiac arrhythmias. 
e According to the site of origin: Arrhythmias are 
divided into supraventricular (including those having 
their origin in the sinus node, the atria, and the AV junc- 
tion), and ventricular arrhythmias. 
e According to the underlying mechanism: Arrhythmias 
may be explained by: (i) abnormal formation of impulses 
(increased automaticity and triggered activity); (ii) reen- 
try of different types; (iii) decreased automaticity; and (iv) 
disturbances of conduction (see later). 
e From the clinical point of view: Arrhythmias may be 
paroxysmal, incessant, or permanent. The first occur 
suddenly and usually disappear spontaneously (i.e. AV 
junctional reentrant paroxysmal tachycardia or paroxys- 
mal AV block), permanent are always present (i.e. chronic 
atrial fibrillation), and incessant are characterized by 
intermittent but repetitive presence. 
e Finally, from an electrocardiographic point of view, 
arrhythmias may be divided into either active or passive 
(Table 14.1): 
(a) Active arrhythmias, due to increased automaticity, 
reentry, or triggered electrical activity (see later and 
Table 14.2), generate isolated or repetitive premature 
complexes on the ECG, which occur before the cadence 
of the regular sinus rhythm. Premature complexes may 
be produced in a parasystolic or extrasystolic ectopic 
focus that may be supraventricular or ventricular. The 
extrasystolic mechanism has a fixed coupling interval, 
whereas the parasystolic has a varied coupling interval. 
Premature and repetitive complexes include all types 
of supraventricular or ventricular tachyarrhythmias 
(tachycardias, fibrillation, flutter). In active cardiac 
arrhythmias due to classic reentrant mechanisms, a uni- 
directional block exists in some part of the circuit (see 
Figure 14.10). 
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Table 14.1 Classification of arrhythmias according to their 
electrocardiographical presentation 


Active arrhythmias Passive arrhythmias 


Supraventricular 
Premature complexes 
Tachyarrhythmias 
Different types of tachycardia 
Atrial fibrillation 
Atrial flutter 
Ventricular 
Premature complexes 
Different types of tachycardia 
Ventricular flutter 
Ventricular fibrillation 


Escape complex 
Escape rhythm 
Sinus bradycardia 
Sinoatrial block 
Atrial block 
Atrioventricular block 
Ventricular block 
Aberrant conduction 
Cardiac arrest 


(b) Passive arrhythmias occur when cardiac stimuli 
formation and/or conduction are below the range of 
normality due to a depression of the automatism and/ 
or a stimulus conduction block in the atria, the AV junc- 
tion, or the specific intraventricular conduction systems 
(ICS). 

From an electrocardiographic point of view, many 
passive cardiac arrhythmias show a slower than 
expected heart rate (bradyarrhythmia). However, some 
type of conduction delay or block in some place of the 
specific conduction systems (SCS) may exist without 
slow rate, for example, first-degree or some second- 
degree sinoatrial or AV blocks. Thus, the electrocardio- 
graphic diagnosis of passive cardiac arrhythmia can be 
made because it may be demonstrated that the ECG 
changes are due to a depression of automatism and/or 
conduction in some part of the SCS, without this mani- 
festing in the ECG as a premature complex, as it does 
in reentry. Therefore, according to that, atrial or 
ventricular blocks may be considered arrhythmias 
(we have included them as such in our book Clinical 
Arrhythmology). However, in this book we have dis- 
cussed them as a separate entity in Chapters 9 and 10. 


Clinical significance and symptoms 


The incidence of the majority of arrhythmias increases 
with age progressively, and arrhythmias are not frequent 
in children. Data from the Holter ECG recordings (see 
Chapter 25, Holter electrocardiographic monitoring and 
related techniques) have demonstrated that some isolated 
premature ventricular complexes (PVC) are present in about 
10-20% of young people in 24-hour recordings, and their 
presence is nearly a rule in the 80+ age group. Similarly, 
sustained chronic arrhythmias, such as atrial fibrillation, 
are exceptional in children but are present in about 10% 
of subjects over 80 years of age. However, there are 


arrhythmias that arise particularly in chidren, such 
as some paroxysmal AV junctional reentrant tachycar- 
dias with accessory pathway (AVRT), some ectopic 
junctional tachycardias, as well as some monomorphic 
ventricular tachycardias (idiopathic), and polymorphic 
ventricular tachycardias (catecholaminergic). Finally, 
there are also some cases of congenital AV block. 

The most important clinical significance of arrhythmias 
is related to an association with sudden cardiac death 
(Bayés de Luna 2011; Goldstein et al. 1994). It is also 
important to remember that frequently arrhythmias, 
especially atrial fibrillation, may lead to embolism, 
including cerebral embolism, sometimes with severe 
consequences. Also, we have to remember that some- 
times fast arrhythmias may trigger or worsen heart 
failure. For further information consult general references 
on page xi. 


ECG diagnosis of arrhythmias: 
preliminary considerations 


To make a valid ECG interpretation of an arrhythmia and 
understand the electrophysiologic mechanism that may 
explain its presence, it may be useful to apply the follow- 
ing tips and recommendations. 

e It is advisable to have a magnifying glass and a pair of 
compasses. They may be used to accurately measure the 
wave duration, the distance between P waves or QRS 
complexes, the differences in the coupling interval (dis- 
tance between a premature P wave or QRS complex and 
the P wave or QRS complex of the preceding basal 
rhythm), etc. 

e It is helpful to take a long strip of the ECG tracing 
(this is especially important in the case of possible para- 
systole) and to record 12-lead ECGs. This will help to per- 
form the differential diagnosis of ventricular versus 
supraventricular tachycardias with aberrancy, and it will 
also help to determine the site of origin and mechanisms 
of supraventricular and ventricular arrhythmias. 

e In the case of paroxysmal tachycardias, a long strip 
should be recorded during carotid sinus massage, and 
some maneuvers (deep respiration and Valsalva, as well 
as other vagal maneuvers) performed for diagnostic and 
therapeutic purposes (Figure 14.1). 

e It is necessary to obtain ECG recordings during exer- 
cise testing, both in patients with premature complexes, 
in order to verify if they increase or decrease, and in 
patients with bradyarrhythmias, to identify an abrupt 
or gradual acceleration. If acceleration is abrupt, and the 
heart rate is doubled or even more, this indicates a 2:1 
sinoatrial block. If acceleration is gradual, this indicates a 
bradycardia due to depression or automatism. 

e It is useful to have an overall patient history and 
previous ECGs, especially in patients with potential 
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A. Sinus tachycardia: there is a transient delay 
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B. Paroxysmal supraventricular tachycardia: frequent causes 


Figure 14.1 Note the correct 
procedure for carotid sinus massage 
(CSM). The force applied with the 
fingers should be similar to that 
required to squeeze a tennis ball, 
during a short time period (10-15s), 
and the procedure should be 
repeated four to five times on either 
side, starting on the right side. 
Never perform this procedure on 
both sides at the same time. Caution 
should be taken in older people and 
in patients with a history of carotid 
sinus syndrome. The procedure 
must include continuous ECG 
recording and auscultation. A-E: 
examples of how different arrhyth- 
mias react to CSM. 


pre-excitation syndrome or in patients with wide QRS 
complex tachycardias. 

e The “secret” to making a correct diagnosis of arrhyth- 
mia is to properly detect and analyze the atrial and ven- 
tricular activity and to look at the AV relationship. For 
this purpose, over 80 years ago Lewis created some dia- 
grams that are still considered very useful today (Johnson 
and Denes 2008). In most cases, only three areas are 
required to explain the site of onset and the stimulus 
pathway: atria, AV junction, and ventricles (Figures 
14.2-14.4). 


LAWALL Lo 


C. Atrial fibrillation: increase of AV blook. 


2 ae ee Dees oe ieee ee 


D. Flutter 2:1: the degree of AV block usually increases 
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E. Ventricular tachycardia: usually there is no modification 


e It is convenient to determine the sensitivity, specific- 
ity, and predictive value of the different signs and diag- 
nostic criteria. This is especially important when 
performing differential diagnosis in the case of wide QRS 
tachycardia, between ventricular tachycardia and 
supraventricular tachycardia with aberrancy (see 
Chapter 25). 

e As previously stated, it is often necessary to perform 
special techniques, such as exercise testing, Holter ECG 
recording, amplified waves, EPS, imaging techniques, 
etc., to better understand the prevalence of arrhythmias, 


Figure 14.2 Several examples of Lewis (ladder) 
diagrams including: (A) the atrioventricular (AV) 


junction, (B) the AV and sinoatrial (SA) junctions, 
(C) a ventricular arrhythmogenic focus, and (D) a 
division of the AV junction in two parts (AH-HV). 
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Figure 14.3 (A) (1) Normal atrioventricular (AV) conduction, (2) premature atrial impulse (complex) with aberrant conduction; 

(3) premature atrial impulse blocked at the AV junction; (4) sinus impulse with slow AV conduction that initiates an AV junctional reentrant 
tachycardia. (B) (1) Premature junctional impulse with an anterograde conduction slower than the retrograde; (2) premature junctional 
impulse sharing atrial depolarization with a sinus impulse (atrial fusion complex); (3) premature junctional impulse with exclusive 
anterograde conduction and, in this case, with aberrancy (see the two lines in the ventricular space); (4) premature junctional impulse 
concealed anterogradely and retrogradely; (5) premature atrial impulse leading to AV junctional reentrant tachycardia. (C) (1) Sinus 
impulse and premature ventricular impulse that cancel mutually at the AV junction; (2) premature ventricular impulse with retrograde 
conduction to the atria; (3) sinus impulse sharing ventricular depolarization with a premature ventricular impulse (ventricular fusion beat); 
(4) premature ventricular impulse triggering an AV junctional reentrant tachycardia. (D) Shows the way of the stimulus through the AV 
junction as per the diagram shown in Figure 14.2A. The solid line shows the real way of the stimulus across the heart. In general the 
dashed line is used instead, because it is the place at which the atrial and ventricular activity starts. Thus, the time that the stimulus spends 
to cross the AV junction, the most important information, is more visible. EF: ectopic focus. 


the electrophysiologic mechanisms that may explain 
them, and the correct diagnosis, as well as for prognostic 
evaluation and the prescription of a particular treatment 
(see Chapter 25 and Bayés de Luna 2011). 


Mechanisms responsible for active 
cardiac arrhythmias 


Frequently, the active arrhythmias are triggered by one 
mechanism and perpetuated by another. In addition, 
there are modulating factors (unbalanced autonomic 


nervous system (ANS), ischemia, ionic and metabolic 
alterations, stress, alcohol and coffee consumption, etc.) 
that favor the appearance 
arrhythmias. 

When looking at tachyarrhythmias we can use the 
analogy of a burning forest (see Table 14.1). The fire may 
be triggered by a match (premature impulse), but for the 
fire to perpetuate the bushes and trees (i.e. substrate) 
must be dry enough. There are many modulating factors 
having an impact on whether the fire (arrhythmia) starts 
sooner and is perpetuated, such as wind or heat (equiva- 
lent to tachycardia, instability of the ANS, ischemia, etc.), 


and maintenance of 
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Figure 14.4 Placement of atrial and ventricular waves within the atrial and ventricular spaces, as seen at first glance (A). Although at first 
glance we do not see two atrial P waves for each QRS, we presume that atrial waves are ectopic (negative in V4 and very fast) (see arrows), 
and double than the QRS complexes, one visible and the other hidden within the QRS. This is confirmed when we carefully check the 
bigeminal rhythm. Later on we joined the atrial and ventricular waves through the AV junction (B). These data come from a patient with 
cardiomyopathy and digitalis intoxication, showing an atrial rate of 150bpm and a first ventricular rate of 75bpm. Later on, they are shown 
as coupled bigeminal complexes. This is an example of ectopic atrial tachycardia with 2 x 1 AV block and later Wenckebach 3 x 2 AV block. 
The atrial waves are ectopic because their morphology differs from sinus P waves seen in previous ECG, and because there are very narrow 
(50ms) and negative in V4. The digitalis intoxication explains the presence of AV block. The first, third, fifth, seventh, and ninth P^ waves 
conduct with long PR interval. The seventh QRS complex (7) is premature and starts a series of coupled complexes (bigeminal rhythm). 
This complex is probably not caused by the eleventh atrial wave, as the corresponding P’R lasts only 180 ms, whereas the other conducted 
atrial waves (P^), with the same coupling interval, show a P’R of 400 ms. Instead, the tenth atrial wave (P^) may be conducted with a P’R of 
0,56; and therefore the eleventh P’ is not conducted. The sequence: P’R = 400 ms, P’R = 560 ms, P’ not conducted is afterwards repeated, 
perpetuating the Wenckebach sequence where the twelfth and thirteenth P’ waves are conducted, whereas the fourteenth is not, etc. 


or is extinguished early, such as rain or cold (equivalent to 
the stability of the ANS, sympathetic nervous system 
integrity, etc.). 

We will now look at the specific mechanisms that initi- 
ate and perpetuate different arrhythmias. We will further 
discuss the triggering and/or modulating factors when 
we examine each particular arrhythmia in the following 
chapters. 

Active arrhythmias may be related to the basal rhythm 
or occur independently. In the first case, the premature 
isolated P’ or QRS complex, or the first P’ wave or QRS 
complex in rapid rhythms, displays a fixed or nearly 
fixed coupling interval in the ECG. This is because the 
arrhythmia is initiated by a mechanism that depends on 
the previous basal rhythm. The coupling interval is 
defined as the time from the onset of the preceding QRS 
complex (if the active arrhythmia is a ventricular 
arrhythmia), or the P’ wave (if it is an atrial arrhythmia), 
to the beginning of the ectopic P’ or QRS complex (Figure 
14.5A,B). 

The active arrhythmias independent of the baseline 
rhythm are much less frequent. Usually they are isolated 
complexes of parasystolic origin and nearly always have 


a frankly variable coupling interval (Figure 14.5C,D). 
These arrhythmias rarely occur as sustained tachycardias 
(see Chapter 16). We will now discuss the ECG features of 
these two types of active arrhythmias. 

The different mechanisms of active arrhythmias are 
shown in Table 14.2 and will be discussed now. 


Active arrhythmias with fixed 

coupling interval 

Active arrhythmias appearing as isolated complexes or 
repetitive runs of various complexes (non-sustained tach- 
ycardia) usually show a fixed coupling interval of the first 
complex (Figure 14.5A,B). Parasystolic active arrhythmias 
have a variable coupling interval of the first complex (see 
Active arrhythmias with variable coupling interval: the 
parasystole, below) (Figure 14.5C,D). 


Abnormal generation of stimulus 

Increase of automaticity 

Automaticity is the capacity of some cardiac cells (the 
automatic slow response cells present in the sinus 
node and to a lesser degree in the AV node) to not only 
excite themselves but also to produce stimuli that can 
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propagate (Figure 14.6). Therefore, automatic cells excite 
themselves and produce stimuli that may propagate, 
whereas contractile cells are only excited by a stimulus 
from a neighboring cell, transmitting it to the nearest cell 
(domino effect theory) (see Figure 5.26). Under normal 
conditions, contractile cells are not automatic cells because 
they do not excite themselves. 

Certain electrophysiologic characteristics of the 
automatic cells derive from the ionic currents responsible 
for the ascending slope of transmembrane diastolic 
potential (DP) (phase 4). In particular, the rapid inactiva- 
tion during diastole of the outward K (I,) current by the 
inward diastolic current I, has an impact on heart rate 
(see Chapter 5). The most important characteristics are 
as follows: 

e The rate of rise of DP (phase 4): the faster the rise, the 
faster the heart rate and vice versa (Figure 14.7A). 

e The level or threshold potential (TP): the lower heart 
(further from 0), the faster the heart rate and vice versa 
(Figure 14.7B). 

e The baseline level of the previous DP: the more 
negative (further from 0), the lower the heart rate and vice 
versa (Figure 14.7C). 

The modifications of these three factors account, in 
general, for the increase or decrease of the heart automa- 
ticity (Figure 14.8). Under normal conditions, the sinus 
automaticity is transmitted to the AV node and then to the 
ventricle (see arrows in Figure 14.8), immediately after 
which these two structures depolarize. 

The top part of Figure 14.8 shows how the normal sinus 
automaticity (1 and 2) produces a transmembrane action 
potential (AP) capable of propagating itself (B1 and C1). If 


Figure 14.5 (A) Ventricular extrasystole; 

(B) atrial extrasystole; (C) ventricular parasys- 
tole; (D) atrial parasystole (see text). All 
numbers are expressed in milliseconds. 


for any of the reasons previously mentioned, such as 
reduced rate of the DP rise (b and b’), a lower baseline 
DP level (c), or a TP level nearer 0 (d), the normal sinus 
automaticity (a) decreases, the AP curve will not form in 
time (Figure 14.8: continuous line 2) but later, decreasing 
the sinus automaticity (A: broken line 2b). On the other 
hand, through an opposite mechanism, the sinus automa- 
ticity will increase and AP generation will take less time. 
This happens in the case of increase of the phase 4 slope 
of the AV node or ventricular cells (Figure 14.8Bh and Ci). 
The decrease of level of TP or an increase in baseline level 
of the previous DP, explains the occurrence of active 
arrhythmias due to an increased automaticity (Figures 
14.7 and 14.8). The effect of all these phenomena on the 
ECG becomes evident with the presence of heart rate vari- 
ations under sinus rhythm (sinus bradycardia and tachy- 
cardia) and the presence of premature or late 
supraventricular and ventricular QRS complexes (see 
right side of Figure 14.8, and legend). 

At least 10% of paroxysmal supraventricular tachy- 
cardias, as well as some ventricular tachycardia and 
supraventricular and ventricular premature complexes 
(extrasystoles) with fixed or nearly fixed coupling inter- 
vals, are caused by increased automaticity. It has been 
found (Haissaguerre et al. 1998) that premature atrial 
impulses arising around the pulmonary veins trigger 
most paroxysmal atrial fibrillations in the absence of sig- 
nificant heart disease. 


Triggered electrical activity 
Another mechanism that can produce active arrhythmias 
with fixed or nearly fixed coupling intervals due to an 
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Table 14.2 Mechanisms involved in the main supraventricular and ventricular tachyarrhythmias 


Arrhythmia 


Main mechanism 


Heart rate (bpm) 


Sinus tachycardia 


Monomorphic atrial tachycardia (Tables 
15.4-15.6) 


Junctional ectopic tachycardia 


Junctional reentrant tachycardia 

— Reentry only through AV junctional 
circuit 

— Reentry circuit with anomalous 
pathway involvement 

Chaotic atrial tachycardia 

rial fibrillation 


D> 


Atrial flutter 


Classic VT with structural heart disease 


VT/VF in channelopathies 


Idioventricular rhythm 

VT with narrow ORS 
Parasystolic VT 

Torsades de pointes VT 

VT with no evident heart disease 


Ventricular flutter 
Ventricular fibrillation 


T automaticity 

Sinoatrial reentry 

Focus origin (microreentry, T automaticity or 
triggered activity) 

Macroreentry 


Abnormal generation of stimuli 


Reentry in circuit exclusively comprising the 
AV junction 

Reentry in circuit involving also an anomalous 
pathway (may be paroximal or incessant) 
Multiple atrial foci 

Microreentry 

Automatic focus with fibrillatory conduction 
Rotors with fibrillatory conduction 
Macroreentry 


Reentry with anatomical or functional circuit 
rotors) 

n most of the cases (long and short QT, and 
Brugada syndrome) due to differences in the 
duration and/or the morphology of AP at 
different myocardial areas 

Increase of automaticity 

Usually reentry (verapamil-sensitive) 
Protected automatic focus 

Post-potentials and/or rotors 

Triggered activity, reentry or automaticity 
increase 

Macroreentry 

Microreentry with fibrillatory conduction 
Automatic focus with fibrillatory conduction 
Rotors with fibrillatory conduction 


>90 

100-180 

90-40 (incessant tachycardia) 

Till 200-220 (macroreentrant paroxismal 
tachycardia) 

If >220, it is considered an atypical flutter 
100-180 


140-200 (paroxysmal tachycardia) 


Generally <140 (incessant tachycardia) 


100-200 
350-700 (atrial waves) 


Generally, 240-300 with AV conduction 
mainly 2 x 1 
From 110 to >200 


From 140 to >200 


60-100 
120-160 
Generally <140 
160-250 
110-200 


250-350 
>400 


TAP: transmembrane action potential; VT: ventricular tachyarrhythmia. 


abnormal generation of stimulus is the triggered electrical 
activity (Antoons et al. 2007; Wit and Boyden 2007). This 
is due to the presence of early or late post-potentials 
significant enough that their oscillatory vibrations initiate 
a response that can be propagated (Figure 14.9). 


Reentry 

Reentry is the mechanism that explains many active 
arrhythmias, the majority of premature complexes, and 
tachyarrhythmias. 


Classical concept 

The classical concept of reentry (Moe and Méndez 1966) 
involves an active wave front propagating around an 
anatomic circuit in such a way that the wave front loops 
back on itself (reentry). For this phenomenon to exist 
three conditions are necessary: (i) the presence of a 


circuit, (ii) a unidirectional block in part of the circuit, 
and (iii) an appropriate conduction velocity (Bayés de 
Luna 2011; Zipes and Jalife 2004) (p. XII). 

A. The presence of anatomic circuit through which the 
stimuli may circulate (reentry). To make this phenomenon 
occurs there must be somewhere in the circuit a zone with 
an unidirectional block and an adequate conduction 
velocity. 

1. The reentrant circuit may be initiated in a small area 
(micro-reentry) of the Purkinje network or the Purkinje- 
muscular junction, in the atrial or ventricular muscle 
(Figure 14.10). This mechanism explains the majority of 
premature atrial and ventricular complexes. Traditionally, 
it was believed that most cases of atrial fibrillations were 
caused by multiple micro-reentries. Recently, it has been 
shown that the “rotor theory” (Jalife et al. 2000) and the 
increase in automaticity, especially at the pulmonary 
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veins level (Haissaguerre et al. 1998) (see above) may 
account for many cases of atrial fibrillation, in particular 
paroxysmal atrial fibrillation (see Figure 14.11). 

2. The reentrant circuit may be located in more exten- 
sive areas of the ventricle (i.e. an area surrounding a 
post-infarction scar) or through the specific intraventricu- 
lar conduction system (branch-branch reentry) (Figure 
14.10) (see Chapter 16). 

3. The reentrant circuit consist of macro-circuits local- 
ized preferably in the right atrium causing typical or 
common flutter (counterclockwise rotation) and reverse 
flutter (clockwise rotation) (Figure 14.12A,B). The atypi- 
cal flutter and the macro-reentrant atrial tachycardia 
usually originate in the left atrium and, less frequently, 
in the right atrium (Figure 14.12C). We use the term atrial 
tachycardia if the heart rate is <200-220bpm and atypi- 
cal flutter if the heart rate is >220bpm. In fact, both 
arrhythmias display the same mechanism and conven- 
tionally can only be differentiated by the atrial rate (see 
Chapter 15). 

4. The reentrant circuit may involve the AV junction, 
either alone or with the involvement of the AV junction 
and an accessory pathway (macro-reentry). 

In the case of a circuit comprising only the AV junction 
(Figure 14.13), it was previously believed that this circuit 
was functional and located within the AV node (intran- 
odal). It was presumed that the AV node had a longitudinal 
dissociation, with a slow conduction tract (a) and fast 


1 2 
A 
TP 
Sinus node 
B 
TP 
AV junction 
c 
TP 
` = Ventricular Purkinje 
D 
TP. . 
= Ventricular muscle 


Figure 14.6 Sinus node transmembrane action potential (TAP) (A) 
transmitted to the atrioventricular (AV) junction (B), the ventricu- 
lar Purkinje (C) and ventricular muscle (D). 


conduction tract (B) (Figure 14.13A). Now it is known (Wu 
and Yeh 1994; Katritsis and Becker 2007) that these circuits 
have an anatomic basis in which tissue of the lower atrium 
is also involved (AV junction) (see Figure 4.10). 

The tachycardias originating in these circuits are of 
slow-fast type. Slow-fast type tachycardias are paroxys- 
mal AV nodal reentrant tachycardias (AVNRT) in which a 
premature stimulus (atrial premature impulse) is blocked 
in the fast pathway (P) still in the absolute refractory 
period (ARP). It may go through the œ pathway with a 
shorter refractory period, albeit with a lower conduction 
velocity. As a result, this stimulus is conducted to the ven- 
tricles (1 in Figure 14.13A) with a longer P’R than the 
baseline PR interval. At some point, because the fast path- 
way (P) is out of the refractory period, the premature 
stimulus retrogradely invades this pathway and rapidly 
reaches the atrium (P^), while at the same time entering 
again into the slow pathway (a), and is conducted to the 
ventricles to generate the QRS-2 complex (2 in Figure 
14.13B). Conduction to the atrium is very fast, and the 
ectopic P’ is concealed in the QRS complex or stuck at the 
end of it, simulating an “S” or “r” wave. 

In the case of a reentrant circuit with the involvement 
of the AV junction and an accessory pathway (macro- 
reentry), two types of tachycardias may be observed: with 
retrograde conduction over the accessory pathway or 
with anterograde conduction over the accessory 
pathway. 

In the case of tachycardias with retrograde conduction 
over the accessory pathway (orthodromic), the ORS is 
narrow. These can also be slow-fast tachycardias, as in the 
case of reentrant tachycardia, with a circuit that exclusively 
involves the AV junction. There is also a tachycardia of 
fast-slow type. Slow-fast type tachycardias are paroxys- 
mal AV reentrant tachycardias with the participation of 
an accessory pathway (AVRT). As in AVNRT, the onset of 
AVRT also occurs with an atrial premature impulse (atrial 
extrasystole). The P’R interval of this atrial extrasystole 
present in both cases a long interval, but it is usually 
longer in AVNRT (see Figure 14.13A,B). This occurs 
because in paroxysmal AVNRT the atrial extrasystole is 
conducted only by the o pathway as it is blocked in the B 
pathway used as a retrograde arm of the tachycardia 
(Figure 14.13A). In the case of paroxysmal AVRT, the atrial 
extrasystole is not completely blocked in the B pathway 


A 


TP 
DP 


Figure 14.7 Factors influencing the increase of automaticity 
(broken lines). (A) Faster diastolic depolarization. (B) Threshold 
potential (TP) decrease. (C) Transmembrane diastolic potential 
(DP) less negative than normal. 
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Figure 14.8 (A) Sinus node transmembane action potential (AP) curve. (B) Atrioventricular (AV) junction TAP curve. (C) Ventricular 
Purkinje AP curve. It is observed how under normal conditions the stimulus is propagated from the sinus node to the AV junction and to 
the ventricular Purkinje system, before these structures reach the threshold potential (TP) by means of their own automaticity. Left: See the 
lines joining the APs of the sinus node, the AV junction, and the ventricular Purkinje system. This figure shows the generation of active and 
passive arrhythmias due to disturbances of automaticity: (a) normal diastolic depolarization curve of the sinus node; (b) diminished 
diastolic depolarization curve; (c) diastolic depolarization curve of sinus node with normal rate of rise but starting at a lower level; (d) 
normal diastolic depolarization curve with a less negative TP; (e) normal diastolic depolarizaton curve of the AV junction; note that before 
this curve is complete (i.e. before it reaches the TP), the sinus stimulus (arrow) initiates a new AP (end of the continuous line in “e”); 

(f) normal diastolic depolarizaiton curve of a ventricular Purkinje fiber (the same as in “e” applies); (g) marked decrease of the automaticity 
of the AV junction; (h) increase of automaticity of the AV junction; (i) increased automaticity in ventricular Purkinje fibers. Therefore, under 
pathologic condictions, the increased automaticity of the AV junction (h) and the ventricular Purkinje system (i) may be greater than that 
of the sinus node (active rhythms). Alternatively, the normal automaticity of the AV junction (broken lines in “e” and “g”) or the ventricle 
(broken line in “f”) may substitute the sinus depressed automaticity (b and b^) (passive rhythms). Right: ECG examples of the different 
electrophysiologic situations commented on (normal sinus rhythm: 1-2; sinus bradycardia: 1-2b; junctional extrasystole: 1-2h; junctional 
escape complex 1-2e; ventricular extrasystole: 1-2i and ventricular escape complex: 1-2f). 
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Figure 14.9 The presence of early (A-C) and A 

late (D and E) post-potentials is the mechanism 1.000 msec 750 msec 

that explains the occurrence of early stimuli 

(complexes) caused by triggered activity. 60 x’ 60 x" 

and this explains why the PR interval is not lengthened reason the P’ is close but clearly located after the QRS, but 
too much. Elsewhere, retrograde conduction to the atria with a RP’ < P’R (Figure 14.13A,B). 

through the accessory pathway lasts longer than in the In the case of fast-slow tachycardia, which is infrequent 
reciprocating (reentrant) tachycardia with exclusive (<5%), the tachycardia is incessant (incessant AVRT). The 


involvement of the AV junction (AVNRT), and for this circuit is made up usually of a fast arm through the normal 
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Figure 14.10 Examples of circuits involved in classical reentrant atrial and ventricular arrhythmias. (A) The circuit is usually located in 
the Purkinje-atrial muscle junction (a) or Purkinje-ventricular muscle junction (b) (micro-reentry). (B) It may also be located in a necrotic 
area of the ventricle (1) or in a circuit involving the left specific intraventricular system (2), or in the atria (3) (flutter or macro-reentrant 
tachycardia) (see Figure 3.7). (C and D) Perpetuation of a reentry depends on the refractory period (RP) duration and the conduction 
velocity (CV). If the RP is long and the CV is fast, reentry is not perpetuated (C), while it is perpetuated (D) if the RP is short and the 

CV slow (= area of unidirectional block). 


Multiple Ectopic focus with High-frequency rotor 
micro-reentries fibrillatory conduction 


Figure 14.11 The three mechanisms dealing with the onset and perpetuation of atrial fibrillation. (A) Micro-reentry located in an ectopic 
focus induces multiple reentries (classical conceps). (B) Ectopic focus (EF) with increased automaticity (pulmonary veins) (asterisk) and 
fibrillatory conduction. (C) Atrial extrasystole located in an ectopic focus initiates a high-frequency rotor that perpetuates the arrhythmia 
with fibrillatory conduction. 


SCS (8 pathway) and a slow retrograde arm that was first Tachycardias with anterograde conduction over one 
thought to be formed by slow retrograde conduction over accessory pathway and retrograde conduction through 
the a pathway (Coumel et al. 1974) but is now known to be the SCS, or, in some cases, over another accessory path- 
formed by an accessory pathway with slow retrograde way (antidromic tachycardias) show a wide ORS and may 


conduction (Farre et al. 1979; Critelli et al. 1984) (Figure be included in the differential diagnosis of all wide QRS 
14.14). This explains the P’R < RP’ relationship. tachycardias (see Chapter 16 and Figure 16.18). 
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Figure 14.12 (A and B) Circuits 
explaining the presence of common 
flutter with counterclockwise rotation 
and non-common (reverse) flutter 
with clockwise rotation. (C) Possible 
macro-reentrant circuit in case 

of an atypical flutter, as well as 
macro-reentrant atrial tachycardia. 


A-V junction 
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Figure 14.13 (A) Example of reentrant 
arrhythmias with circuit involving the 21 
AV junction exclusively, (A) or also 
involving an accessory pathway (B). 
In the first case (A), the premature i 
atrial extrasystole (AE), which does not 
undergo anterograde conduction on 


the B pathway is conducted through 
the o pathway. This facilitates a reentry 
through the B pathway, with fast atrial 
retrograde activation (P^), which may be 
concealed within or at the end of the 
QRS complex (it may mimic an r’ or 

S wave). In the second case (B) the 
circuit has the following composition: 
His—Purkinje system—ventricular 
muscle—accessory pathway—atrial 
muscle—His-Purkinje system. 

An atrial extrasystole (AE) is blocked in 
the accessory pathway that shows 

a unidirectional block, thus being 
conducted through the normal pathway. 
Consequently, the resulting complex 

(1) does not show a delta wave. This 
impulse reenters retrogradely over the 
accessory pathway, activates the atria, 
and initiates a reentrant tachycardia 
with narrow ORS complexes (2) 
(without delta wave). In this case, 

due to longer retrograde conduction 
over the accessory pathway, the P’ is 
recorded close but at a short distance 
from the QRS (RP’ < P’R). 


Accessory pathway 
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Figure 14.14 Above: Example of fast- 


slow tachycardia with the involvement 
of an anomalous pathway (AP) with 


slow retrograde conduction (P’R<RP’). 
Middle and below: Onset and end of an 


ieee cee 


B. The presence of unidirectional block in a zone of the 
circuit is necessary to complete the reentry (see Figure 14.10). 

C. The conduction velocity through the circuit has to be 
appropriate: not too quick (the stimulus would find part 
of the circuit still in the refractory period) and not too slow 
(the next sinus complex would penetrate the circuit). 


Other types of reentry 

There are other types of reentry with a functional, rather 
than anatomic, basis. Some are related to a circular 
movement, such as: 

e Allessie’s leading circle reentry (Allessie et al. 1977) 
(Figure 14.15B); 

e reentry by one or double spiral waves (rotors) (El-Sherif 
et al. 1997; Jalife et al. 2000; Vaquero et al. 2008) (Figure 
14.15C,D); 

e reentries related to the dispersion of repolarization 
between two areas of the myocardium (phase 2 reentry) 
(Figure 14.15E). These two areas may lie between different 
layers of the left ventricle (intramural dispersion) (Yan 
and Anzelevitch 1998) (TAP longer in the endocardium/M 
cells than in the epicardium) or between different areas of 
myocardium (transregional dispersion) (Noble 1979; 
Opthof et al. 2007). 


Other mechanisms 

Unexpected conduction: Supernormal 

excitability and conduction 

In some circumstances, premature stimuli are blocked 
even when earlier stimuli are conducted. This interesting 


episode. B: B pathway. 


phenomenon, classically known as supernormal conduc- 
tion, is believed to occur when the earliest stimulus is 
conducted because it falls in the supernormal excitability 
phase (Childers 1984) (Figure 14.16). This supernormal 
conduction of a stimulus may be explained by the gap 
phenomenon (Gallagher 1973) (Figure 14.17) or by con- 
cealed conduction (see later and Figures 14.29 and 14.30). 


Active arrhythmias with variable coupling 
interval: the parasystole 

These are premature impulses not related to the basic 
rhythm, which therefore have a variable coupling interval. 
This is caused by an ectopic focus that is prevented from 
being depolarized by the impulses from the basic rhythm, 
usually because of a unidirectional entrance block (Figure 
14.18). However, when the surrounding tissue is out of 
the refractory period, the ectopic stimuli produced in this 
so-called parasystolic focus may come out, resulting in 
variable premature complexes (independent of the 
basal rhythm—parasystolic complexes) (Koulizakis 1990; 
Steffens-Gettes 1974). 

From an ECG point of view, these not only have a 
variable coupling interval, but also interectopic intervals 
that are multiples of each other, giving rise to fusion 
complexes if the sinus and parasystolic complexes occur 
simultaneously. A fusion complex is produced when both 
the sinus and the ectopic ventricular stimuli each partially 
activate the ventricle (see Figure 14.18). 

In a very few cases, for example when the parasystolic 
focus is a multiple of the basal rhythm, the parasystolic 
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Double spiral (figure-of-eight) Spiral wave (rotor) 
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Reentry due to hetereogeneous dispersion of repolarization (phase 2)* 
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*According to antzelevitch at transmural level 


Figure 14.15 (A) Classical reentry (anatomical obstacle) (see Figure 14.10). (B) Allessie’s model—leading circle (functional obstacle). 

In the classical circuit the tip of the activation wave is far away from the refractory tail (A), while in Allessie’s model it is very close to the 
refractory tail (B). This justifies how in B the excitability zone is narrow and, in most cases, incomplete. In A, the presence of an anatomical 
obstacle prevents the activation wave to enter into the circuit, while in B the wave can penetrate the circuit, at least partially. (C) Double 
spiral (rotors): figure-of-eight model: (1) an activation front approaches an obstacle (either anatomical or functional) in its refractory period, 
reaches it (2) and under the appropriate conditions it splits into two fixed fronts resembling a figure-of-eight (continuous line: activation 
front; broken line: circular movement of singular points) (3). (D) Single spiral wave (rotor) theory. The activation front of the rotor 
(continuous black line) adopts a spiral shape and its curvature bends towards the rotation centre. A voltage gradient (VG) exists between 
the rotation center (singular point), which is in passive status (short AP), and the neighboring areas (activation front), which are active and 
show a longer AP. The depolarized area (gray) and the resting area (white) are shown. The AP is shortened as it approaches the singular 
point due to the hyperfunction of K currents. Although the AP shortening is necessary to establish a high-frequency rotor, if it becomes too 
short the areas more distal to singular point (with a longer AP) cannot conduct at the speed of the rotor, with a high discharge rate. This 
may lead to the disruption of the spiral wave that may initiate fibrillatory conduction. (E) Example of phase 2 reentry due to heterogeneous 
dispersion of repolarization (HDR). According to Antzelevitch, dispersion takes place at a transmural level and the AP of M cells is the 
longest compared with the AP of the rest of the wall areas. This HDR produces a ventricular gradient (VG) between the areas with longer 
AP and the area with shortest AP (epicardium) and accounts for the possible occurrence of VT/VF in patients with long QT syndrome (2) 
and short QT syndrome (3). In the Brugada syndrome (4) the HDR takes places between the endocardium and the epicardium of the RV at 
the beginning of phase 2 (VG), because of the transient predominance of outward I,, current. Epi: Epicardium; M: M cells. 
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Right bundle branch AP TP 


Figure 14.16 Apart from the 
reentrant mechanisms, there are 
other mechanisms accounting for the 
existence of early stimuli triggered by 
a preceding stimulus (extrasystole). 
In this figure it can be seen how the 
subthreshold stimuli (T) originating 
in an ectopic focus may generate a 
AP and turn into a premature 


rhythm may have a fixed or nearly fixed coupling interval 
(Oreto et al. 1988). 


Mechanism responsible for passive 
arrhythmias 


Depression of automaticity 

When the sinus automaticity is depressed, an ectopic sub- 
sidiary rhythm from the AV junction or ventricles takes 
over control of the heart rhythm at the natural discharge 
rate (e and f in Figure 14.8). This discharge rate is lower 
when the pacemaker is in the ventricular Purkinje fibers, 
because the junctional AV pacemaker is also depressed. 
The ventricular or AV junctional complexes appearing as 
a result are called QRS escape complexes, if isolated, and 
escape rhythms, if repetitive. 


Depression of conduction 

Conduction alterations that may explain many passive 
arrhythmias include: (i) heart block, (ii) aberrant conduc- 
tion, and (iii) concealed conduction. 


Heart block 
The slowing down of the stimulus conduction can take 
place at the sinoatrial junction and the AV junction (see 


complex (supernormal conduction) 
only when they fall into the supernor- 
mal phase of ventricular excitability 
(arrow) (A). On the other hand, an 
atrial extrasystole (which is usually 
conducted with a right bundle branch 
block morphology) may be normally 
conducted when it occurs earlier, 
when the right bundle branch is in 

a supernormal phase of excitability 
(AB > CD, in part B of the figure). 


Chapter 17), the atria (see Chapter 9), and the ventricles 
(see Chapter 11). 

In general, we refer to the block as an anterograde stimulus 
block, although it is evident that the blocks may be unidirec- 
tional (anterograde or retrograde) and bidirectional. 

According to their intensity, three degrees of block may 
be distinguished: (i) first-degree block, when there is a 
delay in the stimulus conduction but no stimuli are 
blocked, (ii) second-degree block, when only some stim- 
uli are blocked; this is classified as type I (Mobitz I) or 
Wenckebach type if a progressive conduction delay occurs 
before the block is complete and type II or Mobitz II if the 
block appears suddenly; and (iii) third-degree block, 
when all stimuli are blocked. 

In second-degree type I block at sinoatrial and AV 
level, the conduction delay increases but the increase of 
the delay is progressively smaller (see Figures 14.19B 
and 14.20B). This explains, both at the AV junction and at 
the sinoatrial junction, how the RR intervals are increas- 
ingly shorter (AB > BC) after the pause initiated as a 
result of the total block of stimuli, until a complete con- 
duction block occurs and another pause is observed. 
This phenomenon, which implies progressively shorter 
RR intervals due to the increasingly small increases 
in the block delay, is known as the Wenckebach 
phenomenon. 
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Figure 14.17 Left: (A, B and C) Diagrams showing the gap phenomenon. (A) The extra stimulus A2 is normally conducted. (B) The extra 
stimulus A2 is not conducted to the ventricles, and it is blocked in the area below the His fascicle (normal A2—H2 conduction). (C) If the 
extrastimulus A2 occurs earlier, it may be conducted with some delay through the AV node (long A2—H2), getting to the His fascicle later 
than in the previous case (B), and therefore being possibly conducted through the His—Purkinje system (V2). Right: Three examples of 

VF lead in the same patient featuring different atrial impulses with variable coupling intervals [increasingly premature from top to bottom 
(500, 400, and 320ms)] and different impulse conductions. (A) The atrial extrasystole is normally conducted; (B) the atrial extrasystole is 
not conducted; (C) the atrial extrasystole is conducted with aberrancy. If no hisiogram is performed, there is no objective data supporting 
whether a phenomenon like this is a gap phenomenon or explained by supernormal conduction. 
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Figure 14.18 The parasystolic mechanism is generally explained 
by an entry block in the ectopic focus. The central point represents 
the parasystolic focus, surrounded by an area with an entry block 
(shaded area). Parasystolic stimuli may be conducted out of this 
zone but external stimuli cannot get into it. Usually, some degree 
of exit block also exists (see Figure 16.24). Bottom: Scheme of 
parasystolic ventricular premature complexes with the characteris- 
tic three electrocardiographic features: variable coupling interval, 
multiple interectopic intervals and fusion complexes (Figure 14.5). 


In the AV junction, apart from the previously men- 
tioned phenomenon related to the RR intervals, which is 
the only diagnostic clue to determine a second-degree 
sinoatrial Wenckebach-type block, the increasing delay of 
conduction is observed by measuring the PR interval, 
which progressively lengthens, although the increases are 
smaller each time (x + 60, x + 80 ms). These rules frequently 


do not apply in blocks at AV level, where the increases are 
greater or smaller than expected (atypical Wenckebach 
phenomena). Figure 14.20E shows two examples, one 
caused by concealed conduction and the other by a recip- 
rocal complex. 

In rare cases, the Wenckebach phenomenon in the AV 
junction occurs in the presence of a 2 x 1 fixed AV block. 
In this case, the blocked P wave of the 2 x 1 fixed AV block 
remains unchanged, whereas the conducted P wave pre- 
sents the characteristics of the Wenckebach phenomenon 
with the PR interval increasing until the P wave is blocked 
(alternating Wenckebach phenomenon) (Figure 14.20F). 
This probably occurs because the two block types appear 
at two different levels of the AV junction: the 2 x 1 fixed 
block at a proximal level and the Wenckebach-type AV 
block at a more distal level (Halpern et al. 1973; Amat y 
Leon et al. 1975). 

In second-degree Mobitz II-type block, the non- 
conducted stimulus is preceded by a fixed or nearly fixed 
conduction (Figure 14.19 and 14.20C). At the AV junction 
this is shown by a blocked P wave without previous PR 
lengthening, which leads to a pause equalling approxi- 
mately twice the baseline RR. This unexpected pause, 
which approximately doubles the baseline RR interval, is 
the only diagnostic evidence of this block at a sinoatrial 
junction level. 

In third degree block at sinoatrial or AV junction the 
pacemaker of the heart is located below the blocked zone 
(see Figures 14.19 and 14.20, and Chapter 17). 
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Figure 14.19 (A) First-degree sinoatrial block. The sinoatrial conduction is consistently slowed down (>x), but this does not translate onto 
the surface ECG (x = normal sinoatrial conduction time). (B) Second-degree sinoatrial block (Wenckebach type, 4 x 3). The sinoatrial 
conduction time progressively increases from normal (80 ms) to absolute block (80 = x, x + 60, x + 70) and block. The distance between the 
first two RR (930 ms) is greater than that between the second and the third RR (880 ms). The sinoatrial conduction cannot be determined. 
However, considering that distances 1-2, 2-3, 3—4, and 4-5 are the same and assuming that the sinus rhythm cadence is 870ms, 1, 2, 3, 4, 
and 5 theoretically represent the origin of the sinus impulses. Therefore, as we have assumed that the first sinoatrial conduction time of the 
sequency is 80 ms, the successive increases in the sinoatrial conduction which explain the shortening of RR duration and the subsequent 
pause should be 80 + 60 (140) and 140 + 10 (150). Thus, it is explained that in Wenckebach sinoatrial block the greatest increase occurs in 
the first cycle of each sequence, after each pause (AB > BC). The PR intervals are constant. The second RR interval is 50ms shorter, since 
this is the difference between the increases of sinoatrial conduction between the first and the second RR cycles. Actually, the first RR cycle 
equals 870 + 60 = 930 ms, while in the second cycle it equals 930-50 (50 is the difference between the first increment 60 and the second one 


10) = 


880 ms. (C) Second-degree sinoatrial block (Mobitz type). Sinoatrial conduction (normal or slowed down) is constant (x) before the 


stimulus is completely blocked (BC = 2AB). (D) Third-degree sinoatrial block. An escape rhythm appears (in this case, in the AV junction) 
with no visible P waves in the ECG (AB < BC). The escape rhythm may retrogradely activate the atria (not seen in the scheme). 


Aberrant conduction 

Aberrant conduction is an abnormal and transient distri- 
bution of an impulse through the atria, or more frequently 
through the ventricles, resulting in a change in the P 
wave (atrial aberrancy) (Chung 1972; Julia et al. 1978) 
(Figure 9.23 and Chapter 9) or in the QRS complex mor- 
phology (ventricular aberrancy) (Singer and Ten Eick 


1971; Rosenbaum et al. 1973) (see Figure 11.14 and 
Chapter 11). When a ventricular aberrancy occurs in a 
healthy heart, given that the right bundle branch usually 
constitutes the structure of the specific system of ventric- 
ular conduction with the longest refractory period, the 


most frequent ECG pattern found is an advanced right 
bundle branch block. 
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Figure 14.20 (A) First-degree AV Two examples of atypical AV wenckebach block 
block. The PR interval is always 
prolonged (>200 ms); (B) second- A i L 
degree AV block 4 x 3 (Wenckebach ; 
type). The criterion AB > BC also 
applies in this case (see text and 
Figure 14.19B); (C) second- degree 
AV block (Mobitz type) (BC = 2AB); 
(D) third-degree AV block. A clear AV 
dissociation may be seen. After two 
QRS complexes have been conducted 
there is a pause, followed by QRS 
(at slow frequencies) dissociated 
from P waves. In this case, the QRS Alternating wenckebach block 
complexes are junctional; (E) atypical 
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abnormal PR shortening is due to 
the existence of a reciprocal complex 


in the AV junction; (F) example of 
an alternating Wenckebach block 
(see text). 


Phase 3 aberrancy 

The aberrant ventricular conduction pattern is, by defini- 
tion, a transient pattern (second-degree ventricular 
block) and is generally related to a shortening of the RR 
interval (phase 3 Rosenbaum aberrancy). 

A premature supraventricular complex may or may not 
have aberrant conduction depending, basically, on the 
ratio between the preceding diastole length and the 
coupling interval (Figures 14.21 and 14.22). 

If the coupling interval is not changed, aberrancy occurs 
when the preceding RR cycle is longer, as it implies that 
the subsequent TAP is wider. Therefore, an impulse with 
a similar coupling interval may fall in the refractory 


period of the right bundle branch and may not be con- 
ducted (Figure 14.21D), and the other may be normally 
conducted (Figure 14.21A) if the previous RR is shorter. 

In the presence of a shorter coupling interval, aberrancy 
occurs with the same previous RR (compare E and E’ in 
Figure 14.21A,B). 

Obviously, there is a greater chance of aberrancy if both 
phenomena occur at the same time, for example, if the 
preceding diastole is prolonged and the coupling interval 
becomes shorter. 

Premature supraventricular impulses in the sinus 
rhythm follow this rule consistently (prolonged preced- 
ing RR interval + short coupling interval = aberrancy; 
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Figure 14.21 (A, B, C, D) Diagrams showing how the combination of a preceding long diastole and a short coupling interval favor the 
appearance of aberrancy related to a shortened cycle (phase 3 aberrancy). Left: Right bundle branch TAP (top); right bundle branch 
absolute refractary period (ARP) (bottom, gray); right bundle branch relative refractory period (RRP) (bottom, black) (the sum of both 
equals the total refractary period of the right bundle). Also, the morphology of V1 in different situations depending on the preceding RR 
interval (cycle length) and the coupling interval is shown; Right: Diagrams (A, B, C, and D) showing whether a more or less premature 
stimulus falls in or out of the ARP (gray) or RRP (black) left by the preceding RR cycle (distance 1-2). A premature stimulus is not 
conducted through the right bundle branch if it falls into its ARP (E’ in B and D). If the preceding RR is longer (D), a premature stimulus 
(E) (which could be conducted when the preceding RR were shorter) (A), may fall in ARP (D), thus not being conducted (rsR’ in V1) o 
being slowly conducted showing a partial RBBB morphology (rsr’ in V1) if it falls in the relative refractary period (C) (E’ in C). A prema- 
ture stimulus falling out of the total refractory period (E in A) is normally conducted, although if the preceding RR interval is longer 

(D), the same premature stimulus may fall into the total refractary period and thus it may not be conducted (compare E in A and D). To 
summarize, a stimulus falling in the final part of phase 3 of a TAP of the right bundle (E’ in C, in the relative refractary period of right 
bundle) is conducted with a partial right bundle branch block morphology, and an stimulus falling in phase 2 or a initial part of phase 3 
of a TAP of the right bundle (absolute refractary period—ARP- of such branch, E’ in B and D) is conducted with a morphology of advanced 
right bundle branch block. Rosenbaum called this type of aberrancy “phase 3 aberrancy,” which means that a stimulus that falls in phase 
3 of TAP of the right or left bundle branch is not conducted through such bundle branches, and will have a right or left bundle branch 
block morphology. 


Gouaux—Ashman criteria) (Figure 14.22). The subsequent 
complexes of a supraventricular tachycardia with a pre- 
ceding short RR interval show an aberrant morphology 
less frequently, unless the refractory period of some SCS 
parts (right or left bundle branch) is pathologically pro- 
longed. Occasionally, aberrancy may persist for several 


complexes when the refractory periods of some SCS parts 
are not able to adapt to sudden changes in the heart rate 
(Figure 14.23). 

Exceptions are sometimes be observed in premature 
atrial fibrillation complexes; occasionally complexes that 
should be aberrant are not, whereas other complexes not 
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Figure 14.22 The first atrial extrasystole is conducted with minimal aberrancy, even without rsr’ morphology, while the following 
extrasystoles are conducted with a morphology corresponding to an advanced right bundle branch block. By means of the compass it 
is observed how the Gouaux—Ashman criteria are met. Therefore, the 6th and 9th complexes, clearly aberrant, show a slightly shorter 
coupling interval and/or a slightly longer preceding diastole than the 3rd complex. This is enough to fall in an absolute (6th and 9th 
complexes) or relative (3rd complex) refractory period of the right bundle. 
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Figure 14.23 Sustained aberrancy during different complexes at the beginning of a supraventricular paroxismal tachycardia. The first 
complex of the tachycardia shows classical aberrancy phase 3, the others due to the lack of adaptation to sudden change of heart rate, 
during a short period, of refractary periods of part of the intraventricular conduction system. 
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Figure 14.24 Atrial fibrillation (AF) patient with one wide premature QRS complex with a distinct morphology in V1. in general, the 
Gouaux-Ashman criteria in the presence of wide QRS complexes during AF are not as useful to distinguish between aberrancy and ectopy 
as in sinus rhythm. Nevertheless, the rsR’ morphology in V1, as seen in this case, suggests that the aberrancy is more probable. 
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Figure 14.25 A patient with atrial fibrillation (AF) showing wide QRS complexes with a single R in V1. The notch in the descending arm of 
the QRS and the fixed coupling interval definitely point to an ectopic origin, ruling out aberrant conduction. 


following Gouaux-Ashman criteria are aberrant. This 
may be explained by the different degrees of concealed 
“f” wave conduction in the AV junction, as well as in the 
branches. Isolated or maintained aberrant morphologies 
secondary to concealed retrograde conduction in the 
branches may also occur (Figure 15.29). 

From a clinical viewpoint, it should be noted that in 
the presence of atrial fibrillation, most wide QRS 
complexes are ectopic, especially if they do not have 
the typical right bundle branch block (RBBB) mor- 
phology. Therefore, the presence of a typical RBBB mor- 
phology in lead V1 (rsR’) favors the occurrence of 
aberrancy, and not the presence of an R morphology 
with a notch in the descending limb of the R wave (com- 


pare Figures 14.24 and 14.25). In the presence of atrial 
fibrillation, the irregular ventricular rhythm of fibrilla- 
tion is also present when there are aberrant QRS com- 
plexes. When the wide QRS complexes have the same 
morphology but the RR intervals are regular, the atrial 
fibrillation is considered to have turned into an atrial 
flutter. If a regular rhythm but a different wide QRS 
morphology exists, the presence of ventricular tachycar- 
dia should be considered. 


Phase 4 aberrancy 

In some cases, the aberrant morphology is associated with 
a lengthening of the RR cycle (Rosenbaum phase 4 
aberrancy). This may be explained by the presence of a 
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Figure 14.26 Comparison between the aberrancy related with cycle shortening (phase 3) (A) and that related with cycle lengthening 

(less frequent) (phase 4) (B). In this case, due to an important diastolic depolarization during the long cycle, the right bundle gets to a point, 
as in phase 3 aberrancy, where it is not excitable, and thus not able to generate a TAP to be conducted (arrow in B at the same level as A). 
As in phase 3, in the surface ECG an aberrant QRS complex with right bundle branch block morphology (rsR’) is recorded. 
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Figure 14.27 Example of a phase 4 left bundle branch block. Note the left bundle branch block pattern appearing after a significant 
lengthening of the previous RR cycle. The presence of the same PR interval in all complexes favors phase 4 aberrancy instead of an 
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Figure 14.28 Intermittent aberrancy without apparent changes in heart rate. 


idioventricular escape rhythm. 
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Figure 14.29 Interpolated ventricular extrasystole. The following P wave is conducted with a longer PR due to the concealed conduction of 


the ventricular extrasystole at the AV junction. 


spontaneous diastolic depolarization increasing the right 
bundle branch up to the level observed in a phase 3 
aberrancy (Figures 14.26B and 14.27). 


Aberrancy without RR changes 

Sometimes different mechanisms result in aberrant 
QRS complexes without changes in the RR intervals 
(Figure 14.28). On occasions the aberrant QRS com- 
plexes may appear in alternans beats (Shinde 2011). 


Concealed conduction 

Sometimes a structure may be partially depolarized by a 
stimulus that does not cross it completely. This partial 
depolarization is not directly observed on the surface 
ECG. However, it may be seen by its effect on the 


conduction of successive complexes (concealed conduc- 
tion). An example of this is seen in interpolated premature 
ventricular complexes. The PR interval of the complex 
following the premature ventricular impulse is usually 
longer, as it partially depolarizes the AV junction. As a 
consequence, the atrial stimulus (P wave) finds the AV 
junction in the relative refractory period, and thus is 
conducted more slowly (Figure 14.29). 

Concealed conduction explains other phenomena in the 
field of arrhythmology, including: (i) the irregular rhythm 
of the QRS complex in the presence of atrial fibrillation 
as a result of the “f” waves depolarizing the AV junction 
to a lesser or greater extent, leading to an irregular con- 
duction (Figure 14.30), and (ii) the presence of a wide 
aberrant QRS in patients with atrial fibrillation who do 
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Figure 14.30 V2 recording showing the different 
morphologies of “f” waves (atrial fibrillation) and 


the variability of RR due to different degrees of 
conduction of the “f” waves in the atrioventricular V 
node (concealed conduction). 


A D B 


Figure 14.31 (A) Taken from an atrial fibrillation (AF) patient with generally narrow QRS and eventual wide QRS complexes with previous 
variable RR interval, which is very long in this case. It is probably not a ventricular excape because it is identical to other previous wide 
QRSs with shorter coupling intervals; it may be explained by the concealed conduction of a previous “f” wave in the left bundle branch 
(LBB) that has changed its sequence from AB-BC, which should not show left bundle branch block (LBBB) aberrancy, to BD-DC, which 
may show this aberrancy. (B) Example opposite to that shown in part A: the QRS complex (number 3) that appears early with a long 
previous RR cycle does not show aberrancy, whereas other less premature complexes with a shorter preceding RR cycle show aberrancy 
(6). An explanation for this may be that an “f” wave located in the preceding diastole has penetrated into both branches, changing the 


sequence from AB-BC (aberrant) to DB—BC (not aberrant). 


not follow the Gouaux—Ashman rule. This is explained by 
concealed conduction of “f” waves in the right or left bun- 
dle branch (see Figure 14.31 and Chapter 15). 
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Chapter 15 


Active Supraventricular Arrhythmias 


Premature supraventricular complexes 


Concept and mechanisms 

Premature supraventricular complexes are premature 
complexes of supraventricular origin. These include those 
of atrial (A-PSVC) and atrioventricular junctional origin 
J-PSVC). 

Most PSVCs have a fixed or nearly fixed coupling inter- 
val (distance from the beginning of the previous sinus 
P wave to the beginning of the premature ectopic P’), 
because their origin is dependent on the baseline heart 
rhythm. They are commonly called extrasystoles. The 
most frequent mechanism causing PSVC is micro-reentry 
in the atrial muscle. 

Premature supraventricular complexes that have an 
extremely variable coupling interval are called parasysto- 
les, and originate in an automatic focus. The automatic 
focus is protected from the basic rhythm, and is therefore 
independent of it. 


ECG findings 


Morphology 
In the ECG, a premature ectopic P (P’) wave is observed, 
which is followed, if not blocked in the atrioventricular 
(AV) junction, by a QRS complex, which is also prema- 
ture. The P’ wave is usually hidden in the previous 
T wave, which is usually modified by the P’ wave, resulting 
in a masked P’ morphology (Figure 15.1). 
If the origin of a PSVC is the AV junction (J-PSVC), then 
the premature P wave is always negative in II, II, and VF. 
PSVCs may be isolated or occur in runs (Figure 15.2). 
They rarely comply with the following ECG criteria for 
atrial parasystole (see Figure 14.5D). 


Conduction to the ventricles 
The PSVC may be conducted to the ventricles in three 
different ways: normal conduction, morphology of 
aberrant conduction, or blocking in the AV junction, 
leading to a pause (Figure 15.1). 
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Figure 15.1 A patient in sinus rhythm with paroxysmal atrial 
fibrillation (AF) episodes and frequent premature supraventricular 
complexes (PSVC). (A) A PSVC is conducted normally. (B) A PSVC 
is conducted with aberrancy because it occurs earlier. (C) A PSVC 
is blocked (arrow), because it occurs even earlier and the preceding 
diastole is a little longer. The pause is due to an active, not to a 
passive, arrhythmia. 
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Figure 15.2 Examples of supraventricular premature complexes: 
(A) isolated; (B) in pairs; (C) in runs. 
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D Figure 15.3 (A) A healthy 8-year-old girl 
with atrial trigeminy, at times normally 
conducted and at other times blocked 
(see change in T wave morphology in 
the AV-pause, arrow (compare AB = 
CD)). Sometimes it was conducted with 
right bundle branch (RBB) and other 


Table 15.1 ECG evidence indicative of the presence of ectopy or 
aberrancy when early wide isolated QRS complexes are observed 
in the presence of sinus rhythm? 


Indicative of ectopy: ventricular extrasystoles 

e Wide QRS complex not preceded by a P’ wave (premature ectopic 
P) (it should be confirmed it is not concealed within the previous 
T wave) 

e ORS morphology in V1: i h J- and QRS morphology in V6: 


BVa 


e Presence of complete compensatory pause. 


Indicative of aberrancy: supraventricular extrasystoles 

e P’ wave preceding a wide ORS complex (slight changes in the 
previous T wave should be identified) 

e ORS morphology in V1: ais particularly if QRS morphology in V6 
is 


e In the presence of wide and narrow premature ORS complexes, it 
should be checked that only wide ORS complexes meet Gouaux— 
Ashman criteria (see text). 


a Specificity 290 %. 


When supraventricular tachyarrhythmia runs occur, 
sometimes the first complex of the run shows an aberrant 
morphology which is a result of the Gouaux-Ashman 
phenomenon (Figure 15.3B). 

The differential diagnosis between aberrant PSVCs and 
ventricular complexes is shown in Table 15.1. 


Clinical implications 

From a clinical point of view, PSVCs are generally benign. 
It is important to determine: (i) their frequency; (ii) if 
they are associated with paroxysmal arrhythmias, (iii) if 
they disappear with exercise; and (iv) any etiological 
factors. 

PSVCs may be associated with heart disease (i.e. 
ischemic heart disease (IHD), cor pulmonale, thyroid 
dysfunction, pericardial diseases, psychologic factors, 
drugs, digitalis intoxication, etc.) or may be due to func- 
tional disturbances. In healthy individuals, they are usu- 
ally related to digestive problems (aerophagia, etc.), coffee 
consumption, alcohol, and stress. 


times with left bundle branch (LBB) 
morphology. (B) A short run of 
supraventricular tachycardia. Only the 
first complex of the run is aberrant due 
to the Gouax—Ashman phenomenon. 


Sinus tachycardia (Tables 15.2 and 15.3) 


Concept 
Sinus tachycardia is defined as sinus rhythm with a rate 
greater than 90bpm. 


Mechanisms 

Most cases of sinus tachycardia are caused by an increase 
of sinus automaticity as a response to different physiologic 
sympathetic stimuli (exercise, emotions, etc.) (Figure 15.4), 
or other specific causes such as fever, hyperthyroidism, 
pulmonary embolism, acute myocardial infarction, heart 
failure, etc. 

Occasionally, orthostatism leads to an exaggerated 
sinus tachycardia (postural orthostatic tachycardia syn- 
drome (POTS)). 

There have been cases caused by an inappropriate 
increase of sinus automaticity, probably due to a lack of 
autonomic modulation of the sinus node or a sinoatrial 
reentrant tachycardia (Gomes et al. 1985) (Figure 15.5). 


ECG findings 

In the ECG, sinus tachycardia presents as an increase in 
heart rate that occurs progressively in the majority of 
cases, and persists over a certain amount of time, with 
certain changes, until the triggering stimulus disappears. 
Heart rate during exercise, especially in young people 
with sympathetic overdrive, may reach 180-200bpm. 
If the P wave falls in the refractory period of the AV junction 
it may conduct with a long PR interval, resulting in a 
PR>RP. In such cases, in order to better visualize the P 
wave, some maneuvers (Figure 15.5) or an amplifying 
technique, a filtering T wave technique, or special leads 
(Lewis leads) are useful. 

In patients with sinus tachycardia due to physiologic 
sympathetic overdrive (exercise, emotions, etc.), it is fre- 
quently observed that the PR and ST segments form part 
of a circumference, as the PR segment descends whereas 
the ST segment ascends (Figure 15.4). 

The appearance of abrupt sinus tachycardia suggests 
sino-reentrant mechanisms (Figure 15.6). 


Table 15.2 Supraventricular active rhythms 


e Premature supraventricular complexes 
e Supraventricular tachyarrhythmias 
— Sinus tachycardia 
— Monomorphic atrial tachycardia (MAT) 
— Atrioventricular (AV) junctional reentrant tachycardia (JRT) 
— AV junctional tachycardia due to an ectopic focus (JT-EF) 
— Chaotic atrial tachycardia 
— Atrial fibrillation 
— Atrial flutter 


Table 15.3 Classification of supraventricular tachyarrhythmias 
according to RR (regular or irregular) 


Regular RR (Figure 15.19) 

e Sinus tachycardia with fixed AV ratio (almost always 1 x 1) (including 

sinus node-dependent reentry) (Figures 15.4-15.6) 

Monomorphic atrial tachycardia due to an ectopic focus (MAFEF), 

with fixed AV ratio (generally 1 x 1) (Figures 15.7—15.10) 

Junctional reentrant tachycardia (JRT) (Figures 15.11-15.13) 

Junctional tachycardia due to an ectopic focus, with fixed AV 

conduction to ventricles (JT-EF) (Figures 15.17 and 15.18) 

Atrial flutter with fixed AV conduction, generally 2 x 1 (Figure 15.33) 

Irregular RR 

e Atrial fibrillation (Figure 15.25) 

e Atrial flutter with variable AV conduction (Figures 15.38) 

e Multimorphic or chaotic atrial tachycardia (Figure 15.21) 

e Monomorphic atrial tachycardia with variable AV conduction (Figure 15.9) 

e Junctional tachycardia due to an ectopic focus, with variable AV 
conduction to the ventricles (see Figure 18.10H) 


Baseline /Parachute 
fitting 


Figure 15.4 Sinus tachycardia in a 
32-year-old man at different moments 
during a parachute jump: control jump 
(C), with placebo (P), and after taking a 
beta blocker (BB). Beta blocker (propano- 
lol) administration leads to a less 
accelerated heart rate. During the control 
and placebo jumps, a typical ECG 
sympathetic overdrive pattern is observed 
(140 bpm), where PR and ST are part of an 
arch circumference (drawing). 
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Clinical implications 

Sinus tachycardia caused by a large sympathetic overdrive 
decreases at night or at rest because of vagal prevalence. 
This helps to distinguish it from sinus tachycardia due to 
pathologic causes such as pulmonary embolism, hyper- 
thyroidism, or heart failure, in which sinus tachycardia is 
more persistent. 

Treatment for sinus tachycardia consists of suppression 
of the underlying triggering cause, if feasible (i.e. stimulant 
intake), or treating the underlying disease (heart failure, 
hyperthyroidism, etc.) and usually prescribing beta block- 
ers and/or ivabradine. Physiologic tachycardia will disap- 
pear when the triggering factor is removed, as previously 
discussed. 


Monomorphic atrial tachycardia 
(Tables 15.4-15.7) 


Concept 

Monomorphic atrial tachycardia includes all types of atrial 
tachycardias that display non-sinus monomorphic P waves 
(P’) on the surface ECG. Both the initial P’waves, which 
initiate the tachycardia, and the subsequent waves have 
the same morphology (Figure 15.7). The high atrial tachy- 
cardias close to the sinus node (parasinus origin) usually 
produce a P’ wave that may be identical to a sinus P wave. 


nd 


Parachute Landing 
opening 


HA WA HH 


Boarding Prepared Recovery 
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Figure 15.5 Above: Tachycardia at 110 bpm with barely visible atrial activity (a notch following the QRS complex is observed in V3). 
Breathing (II, continuous trace) results in a slowed down tachycardia, allowing us to see the atrial wave, which is close to the end of the 


T wave and shows sinus polarity (arrow). 


Figure 15.6 Sudden onset of supraventricular tachycardia at a rate of 110 bpm with P wave identical to the sinus wave. This may correspond 


to reentrant sinoatrial tachycardia. 


Mechanisms 

There are two well-defined types of monomorphic atrial 
tachycardia (MAT): 

e Tachycardia originating in a small localized zone 
(ectopic focus) (MAT-EF). This may be due to an increased 
automaticity, triggered activity, or micro-reentry. Its clini- 
cal presentation could be paroxysmal or incessant. 
Generally, the different mechanisms cannot be differenti- 
ated with a conventional surface ECG, especially when 
the tachycardia is already established. The most important 


and useful differences, from a clinical point of view, are 
shown in Table 15.4 (Chen et al. 1994; Wharton 1995). 

e Tachycardia due to an atrial macro-reentry (MAT-MR). 
This is usually paroxysmal and is observed in patients 
with atrial post-surgical incisions, generally following 
operations for congenital heart disease or atrial ablation 
procedures. Tachycardia due to an atrial macro-reentry 
may produce morphologies of different types of flutter, 
and even of MAT due to an ectopic focus (MAT-EF), by 
surface ECG (see later). 


Table 15.4 Clinical, electrophysiological, and pharmacological differences between the different types of monomorphic atrial tachycardia 
with ectopic focus (MAT-EF), depending on their triggering mechanism (micro-reentry, increase of automatism, or triggered activity) 


Micro-reentry* 


Increase of automatism 


Triggered activity 


e Progressive acceleration and desacceleration of No 
tachycardia, both at the beginning (warming-up) and at the 


end (cooling-down) 


e Initiation due to premature systole or programmed 


stimulation (PS) 


e Termination due to premature systole or programmed 


stimulation 


e Vagal maneuvers (carotid sinus massage) 


e Beta-blockers 
e Adenosine 


e Clinical presentation 


Yes 
Yes 


Generally, they have no effect, 
although it may cause an AV block 
No effect 

Contradictory results. Most of the 
times it has no effect 

Paroxysmal form is more 
frequently observed 


Yes 


No 


No 


Transient suppression 


Transient suppression 
Transient suppression 


Generally incessant 
type 


Sometimes 


Yes 


No 


Termination 


Termination 
Termination 


Paroxysmal or 
incessant 


aThis group includes the micro-reentry originating in an ectopic focus and also the macro-reentry originating in the area surrounding an atrial 


post-surgical scar. 


Table 15.5 Characteristics of atrial activity in monomorphic supraventricular tachyarrhythmias* 


ECG diagnosis 


Atrial activation 


Morphology (II, Ill, VF) Morphology V1 


Atrial activity frequency 


AV block 


Sinus tachycardia 
(Figures 15.4-15.6) 


Monomorphic atrial 
tachycardia (Figures 
15.7-15.10) 


Common flutter 
(Figures 15.33, 
15.34) 


Reverse flutter 
(Figure 15.35) 


Atypical flutter? 
(Figure 15.36) 


Junctional 
reciprocant 
tachycardia (JRT) 
(Figures 15.11, 
15.12) 


Junctional 
tachycardia due to 
an ectopic focus 
(Figures 15.17) 


Sinus 


Focal origin (MAT-EF) 
or due to an atrial 
macro-reentry? 
(MAT-MR) 


Permanently 
counterclockwise. 
This explains the lack 
of isoelectric baseline 
in some derivations 


Clockwise. Generally 
permanent 


Probably a left atrial 
macro-reentry. Often 
unknown 


Retrograde, either in 
the AV junction or in 
an anomalous 
pathway 


Retrograde, except in 
the case of AV 
dissociation 


Generally, positive or + Positive or + 
in Ill. It rarely may be + in 


I, II, and VF 


Depends on the focus 
location. Macro- 
reentrant 
tachyarrhythmias 

may feature different 
morphologies 

(see text) 


Depends on the focus 
ocation in case of ectopic 
origin (Figure 15.10) 
Macro-reentrant 
achyarrhythmias may 
eature different 
morphologies 


Sawtooth F 
predominantly negative 
waves. No isoelectric 
baseline 


Generally positive and 
not very narrow F 
waves, except in the 
presence of significant 
atrial disease 


F waves generally 
wide and negative in 
V1, with no isoelectric 
baseline 


Positive F waves in Il, 
Ill and VF, generally 
without isoelectric 
baseline 


Generally positive waves Usually positive 
in Il, II and VF. Frequently 
a slight undulation is 


observed 


Concealed in the QRS 
complex or stuck at its 
end (AVNRT) or following 
the QRS complex (AVRT) 


If the circuit 
exclusively comprises 
only the AV junction, 
it frequently simulates 
anr 


A negative retrograde Variable 


activation is observed 


100-180 bpm 
Sometimes, (mainly in 
young people) it may 
even be >200 bpm 


Generally <150 bpm. 
It may reach 240 bpm 
(see text). 


200-300 bpm’ 


200-300 bpm 


220-280 bpm 


Generally 
130-200 bpm 


100-200 bpm 


Rarely present, 
even in the fastest 
types 


Sometimes, in the 
fastest types 


Generally present 


Generally present 


Very frequently 


Not present 


AV dissociation 
due to interference 
is frequently 
observed (Figure 
15.17) 


aMonomorphic atrial tachycardias generated in the areas surrounding a postsurgical scar in patients operated for congenital heart disease or subjected to 
atrial ablation procedures (atrial macro-reentry) may feature different ECG morphologies: the most characteristic ones are identical to those observed in 
the reverse flutter, although sometimes they may show the same morphologies as the common or atypical flutter (see atypical flutter), or even MAFEF 
*It is usually considered that its morphology cannot be distinguished from that of fast macro reentrant atrial tachycardias, and that both mechanisms 


are the same (generally left atrial macro-reentry). An atypical flutter is named when the arrhythmia rate > 220 bpm, and MAT-MR when the 
arrhythmia rate is lower. Some people name it “atrial tachysystole” when the atrial rate is between 200 and 220 bpm. 


Table 15.6 ECG characteristics of the different types of paroxysmal supraventricular tachyarrhythmias with regular RR and narrow QRS 
complexes? (onset during tachycardia) 


Beginning of 
tachycardia 


Status of the 
atrial activity 
wave (P P’ or 

F) during 
tachyarrhythmia 


Presence of 
ventricular block 


ORS alternans 
(voltage difference 
>1mm) 


AV dissociation 


Mechanism and 
Clinical 
presentation 


Atrial flutter 


Junctional reciprocant tachycardia? 


AVNRT” 


AVRT" 


Sinus 
tachycardia 


Monomorphic 
atrial tachycardia’? 


Junctional tachycardia 
due to an ectopic 
focus 


Usually initiated 
with a 
premature 
supraventricular 
impulse 


Flutter waves, 
generally two 
waves per each 
QRS complex. 
Almost never 
1x1 


Depends on 
he underlying 
disease and 
he heart rate 


[0] 


Usually a 2x 1 
AV block is 
present 


Atrial macro- 
reentry, usually 
in heart 
disease 
patients. It 
may be a 
paroxysmal or 
chronic flutter 


P’ wave initiating the 
tachycardia shows a 
different morphology, 
compared with the 
subsequent P’ waves 


P’ within the QRS 
complex = 65%. P’ 
following the QRS 
complex = 30% 
(very close to it). P’ 
preceding the QRS 
complex = 5% 
(Figure 15.13) 
Rarely seen. Almost 


always features a 
RBBB morphology 


ever, unlike what is 
observed in JTEF® 


Reentry exclusively 
in the junction. 
Almost always in 
healthy patients. The 
incessant type rarely 
occurs 


@Basal ECG with or without WPW-type pre-excitation. 
ÞMAT may be due to an ectopic focus (MAFEF) or an atrial macro-reentry (MATMR). 
°AVNRT: tachycardia exclusively involving the AV junction; AVRT: Tachycardia with a circuit also involving an anomalous pathway. 
SJT-EF: junctional tachycardia due to an ectopic focus; MAT: monomorphic atrial tachycardia. 


P’ initiating the 
tachycardia is 
generally 
different to 
subsequent 
P’ waves 


P’ following 
the ORS 
complex in 
100% of the 
cases, but 
with RP’<P’R 


Sometimes 
observed 


20% of the 
cases 


Never. If AV 
dissociation is 
observed, 
Kent bundle 
involvement in 
the circuit is 
excluded 


Reentry 
through 

an anomalous 
pathway. 
Almost always 
in healthy 
patients. 

The incessant 
type rarely 
occurs. 


Progressive 
initiation. P wave 
does not feature 
significant 
changes 


P preceding the 
ORS complex 
shows a sinus 
polarity. Almost 
always P-QRS < 
QRS-P 


Depends on the 
underlying 
disease and the 
heart rate 


No 


Generally not 
present 


Generally it 

is due toa 
physiological 
increase of 
automatism. 
On some rare 
occasions sinus 
reentry may be 
involved 


Initial P’ wave is 
identical to the 
subsequent P’ 
waves 


P’ wave precedes 
the ORS complex, 
usually with P’-ORS 
< ORS-P’ 


Depends on 
the underlying 
disease and 
the heart rate 


No 


2x1 AV block may 
be present 


It may be to an 
ectopic focus (EF) 
or because of an 
atrial macro-reentry 
(AM). Those due 

to an EF may be 
paroxysmal or 
incessant. Those due 
to a macro-reentry 
are paroxysmal 
tachycardias 


Initiation and 
termination may be 
either abrupt or 
gradual. Initial P’ 
wave is identical 

to the following 

P’ waves 


It is generally 
concealed in the QRS 
complex or, more 
frequently, an AV 
dissociation is 
observed 


Depends on the 
underlying disease 
and the heart rate 


No 


Frequently AV 
dissociation due 

to interference is 
observed (ventricular 
rhythm faster than 
atrial rhythm, if this 
is of sinus origin) 


n many cases it is 
observed in heart 
disease patients. 
nitiation and 
ermination 
sometimes are not 
abrupt. Incessant 
ypes may be 
observed 


Figure 15.7 Upper tracing: A 20-year-old patient with dilated cardiomyopathy and incessant atrial tachycardia due to an ectopic focus 
(AB = 0.64s and CD = 0.52s). Lower tracing: After amiodarone administration, the focus activity is slowed down, with a progressive 
reduction of rate discharge. All of this suggests that the cause is increased automaticity (see Table 15.4). 


ECG findings (Tables 15.5 and 15.6) 


Paroxysmal monomorphic atrial tachycardia 
due to an ectopic focus 


P wave morphology in sinus rhythm 

The P wave usually shows, in the case of MAT-EF of the 
left atrium, the majority originating from the pulmonary 
veins, a prolongation of P wave that is often notched. 


The ECG during the tachycardia (Figures 15.7-15.10) 

e Heart rate and rhythm: The MAT-EF initiated in the 
right atrium presents with a low heart rate (usually 
<150bpm), which is lower than the MAT-EF from the left 
atrium (Bazan et al. 2010). 

e The morphology of the ectopic atrial wave (P’). The 
P’ wave voltage is usually low and the P’R interval is 
characteristically shorter than the RP’ interval, except 
when the P’ wave falls on the AV junctional refractory 
period and then is conducted with some delay. If the 
ectopic P’ wave is clear we have to consider the follow- 
ing: (i) negative or +- P wave in lead V1 suggests that 
the tachycardia originates in the right atrium (100% 
specificity); (ii) positive or -+in lead V1 suggests a left 
atrium origin (100% sensitivity). 


VF Kgl nll V 
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Figure 15.10 summarizes the sites of origin and 
an algorithm allowing their identification by ECG 
(Kistler 2006). 


The AV conduction 

The AV conduction is often 1 x 1. When the rate of tachy- 
cardia is high, sometimes due to the effect of different 
drugs (digitalis), various degrees of AV block and 
even AV dissociation may be seen (Figure 15.9). The P’R 
usually is less than the RP’ (P’R<RP’) (Figures 15.7 and 
15.13D). However, in cases of first-degree AV block it 
may be P’R2RP’. In this case it may be difficult to 
make the differential diagnosis with other paroxysmal 
tachycardias, especially atrioventricular reentrant 
tachycardias (AVNR) with accessory pathway (see 
Tables 15.5, 15.6, and 12.1) once the tachycardia is 
established. 


The QRS complex 

The ORS complex is usually equal to the baseline rhythm. 
Occasionally it is wide due to an aberrant ventricular 
conduction. 


The carotid sinus massage 
This has a variable effect (Table 15.4). 


at 
Hy 


444 


< 


Figure 15.8 The P wave polarity is clearly indicative of the ectopic origin in the low right atrium around the tricuspid ring (negative P’ 
wave in V1, III, VF and —+ in II). Therefore, this is a clear case of monomorphic atrial tachycardia at a low rate (110 bpm) misdiagnosed as a 
sinus tachycardia by the computerized interpretation as a result of the erroneous assessment of the polarity in lead II (-+), which cannot be 
a sinus polarity. A stress test showed that the tachycardia disappeared when the sinus rhythm accelerated to a higher rate. 
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Figure 15.9 A digitalis-intoxicated patient with atrial tachycardia due to an ectopic focus at 175 bpm, with P waves that are different from 
the preceding sinus waves but not narrow. The atrial waves have some variable cadence and different degrees of AV block. 
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I 


R. Septal (2%) 
Coronary sinus (os) (10%) 


Perinodal (10%) 


Tricuspid ring (TR) (22%) wee 


Mitral ring (MR) (4%) 


Left atrial apendage (LAA) (1%) 


** | Right (RPV) and 
left (LPV) pulmonary veins (20%) 


Coronary sinus (body) (2%) 


B 
Vi Neg Pos/neg Neg/pos Iso Pos 
iso/pos 
V0.4 CT aVL = Septum der. Bifid in II 
pos — Perinodal &/oV, 
| v | J v 
Yes No Neg Pos Yes No 
y y y y y y 
Negativo en las | MR CS(os) | Negative Sinus rhythm 
deriv. inf. in inferior leads P wave Figure 15.10 (A) Most frequent 
4 | locations of atrial tachycardias 
i 1 i J of focal origin. (B) Algorithm to 
i Yes No Pos + localize the most frequent sites 
4 | | $ of origin of tachycardias based 
on P’ wave morphology in V1 (see 
Body LAA CT [ RPV | location inside the figure) (Adapted 
CS RPV from Kistler et al. 2006 ). 


Monomorphic atrial tachycardia due to 
macro-reentry 
MAT-MR is not characterized by a specific ECG 
morphology. 

The atrial wave morphology varies from the typical to 
the reverse or atypical atrial flutter. It may even be similar 
to MAT-EF morphology. 


Incessant monomorphic atrial tachycardia due to 
an ectopic focus 

In incessant monomorphic atrial tachycardia due to an 
ectopic focus (I-MAT-EF) the heart rate typically varies 


between 90 and 150 and P’R<RP’ (Figure 15.7). All the 
aspects related to the morphology of ectopic P’ have been 
previously explained. 

The main differential diagnosis of I-MAT-EF is with 
incessant junctional reentrant tachycardia (I-JRT), which 
once established, also features a P’R<RP’ interval (Figure 
15.15) (see Table 15.7). 


Clinical implications 

The prognosis depends on the heart rate, the underlying 
pathology, and whether the tachycardias are paroxys- 
mal or incessant. The prognosis and treatment depend 
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Table 15.7 Differential diagnosis between incessant AV junctional reentrant tachycardia (I-JRT) and incessant tachycardia due to an atrial 


ectopic focus (I-MAT-EF) 


initiation riggering t 
Incessant tachycardia due toan Heart rate is not Polarity of 
atrial ectopic focus (Figure 4.11) accelerated prior to riggering t 


Incessant AV junctional 
reentrant tachycardia 


Hear 


rate is increased 


previously to tachycardia 


tachycardia initiation 


Hear 
prior 


rate is accelerated 
to tachycardia 


Polarity of 


he same a 
successive 
Polarity of 


ollowing the P-P’ 


Presence of fusion 
complexes at the 


he P waves 


he tachycardia beginning or at the 
end 
he P’ wave They may be 


he tachycardia is present 
s that from the 
waves 


he P-P’ wave Not present 


riggering t 


he tachycardia is 


Progressive acceleration and 
desacceleration, both at the 
beginning (warming-up) and at the 
end (cooling-down) of the tachycardia 
Yes 


No 


(Figure 4.21) initiation 


particularly on the tachycardia rate and the patient’s 
clinical condition. In the case of a stable patient, a 
paroxysmal episode may be treated, if vagal manoeu- 
vres fail, with adenosine, beta blockers, or amiodarone 
(class I aC). However, pharmacologic treatment is often 
not useful. 

If the tachycardia rate is high and not well tolerated, 
electrical cardioversion (CV) may be required (class IB). 
Later, ablation techniques should be considered to 
resolve the arrhythmia (class IB), usually with a high 
success rate. 


Junctional reentrant (reciprocating) 
tachycardia 


Concept 

No consensus has been reached with regard to the most 
appropriate name for tachycardias due to a reentrant 
mechanism, whose circuits are exclusively located in the 
AV junction or involve an accessory pathway (see Chapter 
14). However, the most accepted names according to the 
guidelines are junctional AV reentrant (reciprocating) 
tachycardia with a circuit exclusively involving the AV 
junction (AV node) (AVNRT) and junctional reentrant 
(reciprocating) tachycardia with circuits involving acces- 
sory pathways (AVRT). 

The tachycardias may be paroxysmal (slow-fast type) 
(Figures 15.11 and 15.12), which are much more frequent 
and often have characteristic clinical features (sudden 
onset, polyuria, etc.) (Josephson 1978; Wu et al. 1978; Bar 
et al. 1984; Inoue and Becker 1998; Katritsis and Becker 
2007), or incessant (fast-slow type) (Figure 15.15), which 
are much less frequent (Coumel et al. 1974). 


Mechanism 
Paroxysmal tachycardias (slow-—fast circuit) 


The circuit may be located just in the AV junction (AVNRT) 
or may include an accessory pathway in the circuit (AVRT) 


not the same as that from 
he successive P’ waves 


(see Chapter 14). In all cases, tachycardia is initiated when 
there is a unidirectional block (anterograde) in some part 
of the circuit. 

When the circuit exclusively involves the AV junction 
(AVNER tachycardia) (Figure 15.11), the block takes place 
in the AV junction where the B pathway is located (see 
Figure 4.10). The same B pathway is used by the stimulus 
to reenter. This slow-fast tachycardia is thus character- 
ized by a long AH (atrial—His) interval and a short HA 
interval (His—atrial) as shown in Figure 15.11C. 

When a Kent bundle-type accessory pathway is 
involved in the circuit (Figure 15.12A), the block gener- 
ally occurs in the accessory pathway and the stimulus 
reaches the ventricles through the normal AV conduc- 
tion. The stimulus reenters retrogradely over an acces- 
sory pathway (see Figure 14.11). The retrograde atrial 
activation shows a longer HA interval than when the 
circuit exclusively involves the AV junction, as the circuit 
is larger (compare Figures 15.11C and 15.12B). Because 
the anterograde conduction is through the normal AV 
junction, paroxysmal tachycardias with the involvement 
of an accessory pathway have a narrow QRS complex, 
although very often a pre-excitation delta wave is 
observed in the ECG without tachycardia (Wolff- 
Parkinson—White (WPW) syndrome). In just a very few 
cases showing anterograde conduction through the 
accessory pathway we can observe a wide ORS complex 
during tachycardia (see Figure 16.18). 

The onset of paroxysmal junctional reentrant tachycar- 
dia (Figures 15.11D and 14.13) is triggered by a premature 
impulse. 


Incessant tachycardias (fast—-slow circuit) 
Incessant tachycardias usually start as a result of a critical 
shortening of the sinus RR interval (Figure 15.15). 

In incessant or permanent tachycardias, the antero- 
grade block takes place in the AV junction (œ pathway). 
The stimulus reaches the ventricles by the $ pathway and 
reentry takes place over an anomalous bundle with a slow 
retrograde conduction (Figures 14.14 and 15.15). 
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Figure 15.11 (A) ECG of a patient with no heart disease and episodes of paroxysmal supraventricular tachycardia of AVNRT type. 

The tracing is normal. (B) ECG during one episode: “s” wave appears in II and VF, whereas a minimal r’ is observed in V1. Apart from 
this, no other modifications are observed in the ECG. (C) The same patient with extra stimulation (S1 S2 at 380 ms): a significant AH 
lengthening is reported (180ms) but no paroxysmal tachycardia (PT) is initiated. When extra stimulation is coupled at 370 ms, a critical 
AH lengthening (330 ms) is reached, initiating the junctional reentrant tachycardia with synchronic atrial and ventricular activation 
(AV junctional exclusive circuit). HB: His bundle; CS: coronary sinus. (D) Onset and termination of a AVNRT episode. We can observe 


the initial P’R lengthening and the small QRS changes during the episode due to the P’ overlapping (r’ in V1 and s in II and VF 
(compare with A and B). 


HRA 
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Figure 15.12 (A) Example of junctional paroxysmal tachycardia with left accessory pathway (Kent bundle) in the reentrant circuit 

(AVRT type). The QRS complex is narrow and the ectopic P is negative in I, II, III, VF, and V6 (after QRS), with RP’<P’R. In V3 a QRS 
complex alternans is presumed (see C left). (B) Electrophysiologic study showing an atrial retrograde activation in which the left atrium is 
the area first depolarized. As seen in the CS lead (distal), this is where the retrograde atrial activation (A) is first recorded. This may be 
suggested by surface ECG because in I and V6 the retrograde p’ is clearly negative (leads I and V6 are facing the tail of the atrial activation 
vector). HRA: high right atrium; HB: His bundle; CS: coronary sinus. (C) AVRT. Left: V3, where alternans of QRS complexes are observed. 
Right: V6, where the termination of the episode with anterograde block in the AV junction is observed, with an onset of pre-excitation 


in the second sinus complex. 


ECG findings 


Paroxysmal junctional reentrant tachycardia 
(slow-fast type circuit) 


Sinus rhythm 

The ECG of patients with AVNRT and AVRT are usually 
normal. In nearly 40% of cases, a usually non-ischemic 
negative T wave is present at the end of the episode 
(Paparella 2000). In AVRT the WPW pattern is present, 
except in cases of accessory pathway with retrograde con- 
duction only (concealed pre-excitation) (see Table 12.1). 


During the tachycardia 

The heart rate generally varies between 130 and 200 bpm. 
The QRS complex morphology is the same as or very sim- 
ilar (see later) to the baseline rhythm when the circuit 
exclusively involves the AV junction (AVNRT). If the 
baseline ECG shows WPW-type pre-excitation (AVRT), 
this pattern disappears during the tachycardia (narrow 
QRS complex). 

To determine which type of circuit is involved in the 
paroxysmal junctional reentrant tachycardia, it is essen- 
tial to determine the relationship between the P’ wave 
and the QRS complex (Figure 15.13). 
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Figure 15.13 Location of P’ waves in paroxysmal supraventricular 
tachycardias. (A) Non-visible P’ wave, hidden by the QRS (circuit 
exclusively involving the AV junction). (B) P’ wave that distorts 
the end of the ORS (simulating that it ends with an S wave) (circuit 
exclusively involving the junction as well). (C) P’ wave separated 
from the ORS, but with RP’<P’R (reentrant) (circuit involving an 


accessory pathway). (D) P’ wave preceding the QRS with P’R<RP’ 
(atrial circuit or atrial ectopic focus). 


If the circuit includes the AV junction exclusively 
(AVNRT), then the P’ wave will be within the QRS in 60% 
of cases, or will appear immediately afterwards (30-40%). 
It simulates an “r” in lead V1, a slurred “s” in inferior 
leads, or a notch in VL (Di Toro et al. 2009) (Figures 15.11 
and 15.13A,B). 

If an accessory pathway is involved in the circuit that 
forms its retrograde arm, the path from the ventricles to 
the atria is longer, resulting in a P’ wave that is always 
slightly behind the QRS complex (Figures 15.13C and 
15.12B). If the accessory pathway is found on the left side, 
the P’ wave is frequently negative in lead I, because the 
atrial activation occurs from left to right. 

Relatively often («40% of cases) during tachycardia, ST 
segment depression appears, but usually it is not due to 
ischemia. 

If during the tachycardia, the AV conduction is over one 
accessory pathway (Kent bundle) or a long atriofascicular 
tract (see Chapter 12), the ORS is wide (antidromic tachy- 
cardia) (Figure 15.16). In this case the retrograde arm of 
the circuit may be the His—Purkinje system or the acces- 
sory pathways. These types of tachycardias must be 
included in the differential diagnosis of wide QRS 


tachycardias, along with supraventricular tachycardias 
with bundle branch block (aberrancy) and ventricular 
tachycardias (see Chapter 16). 

When bundle branch block morphology appears dur- 
ing paroxysmal AVRT reentrant tachycardia, the RR 
lengthens if the accessory pathway is on the same side as 
the blocked branch. This happens because the stimulus 
descending through SCS will have to cross the septum 
(a longer distance) to complete the reentry. 

Junctional reentrant tachycardias usually have a nar- 
row QRS complex, either when the circuit exclusively 
involves the AV junction (AVNRT) (Figure 15.11), or when 
it also involves an accessory pathway (AVRT) (Figure 
15.12), because the stimulus reaches the ventricles 
through the AV junction usually with a normal intraven- 
tricular conduction. 


Incessant junctional reentrant tachycardia 
(fast-slow type of circuit) 

The ECG characteristics of I-JRT are the following 
(Figure 15.15) (Table 15.7): 

e The heart rate is usually lower (120-150bpm) than in 
paroxysmal junctional reentrant tachycardias. 

e The P’ wave is located before the QRS complex and, 
therefore, the RP’ interval is > P’R interval. 

e The beginning of the tachycardia is associated with a 
critical shortening of the baseline RR interval (Figure 
15.15). The triggering atrial wave is generally of sinus 
origin, although it may also be due to an atrial extrasystole 
or a programmed early atrial stimulation. 

e The polarity of the initial atrial wave (usually sinus) is 
different from the remaining atrial waves (P’), which, as 
previously discussed, have caudocranial polarity. 

e Generally tachycardias occur in runs, which are usually 
short and separated by a few sinus impulses (incessant). 
When the tachycardia is always persent it is considered a 
permanent tachycardia. 


Differential diagnosis 

The differential diagnosis of paroxysmal AV reentrant 
tachycardias is shown in Tables 15.5 and 15.6 and 
has already been discussed. Regarding the incessant 
reentrant AV tachycardias it is important to differentiate 
I-JRT from I-MAT-EF. The most relevant data have also 
already been mentioned (see Table 15.7). 


Clinical implications 

The diagnosis of paroxysmal reentrant tachycardias has 
to be first strongly suspected by history taking, especially 
when the onset and end are sudden, and because polyuria 
is observed especially in long-lasting episodes. Diagnosis 
of AVNRT-type is supported by the presence of pounding 
in the neck, and is more common in female patients whose 
first episode appears after childhood (Gonzalez-Torrecilla 
et al. 2009). 
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Figure 15.14 (A) VF and V1 ina patient with heart failure and fixed ventricular rate throughout a 24-h examination. This led us to suspect 
that the rhythm was not sinus, although a possible sinus P wave around 120bpm might be inferred in V1. The compression of the carotid 
sinus blocked the AV node temporarily, which allowed for the identification of “f” waves from an atypical flutter (VF, B top). The cardio- 
version successfully restored sinus rhythm. Note the P + waves in II, II, and VF corresponding to an advanced interatrial block with 


retrograde conduction to the left atrium (VF, B bottom). 


In general, paroxysmal AV reentrant tachycardias are 
not life threatening, although they can be very trouble- 
some, because of fast heart rate, the duration of the tach- 
ycardia, and the underlying illness, if present. Cases 
with an accessory pathway involved in the circuit (AVRT) 
may be potentially dangerous because in rare cases a 
rapid atrial fibrillation may be triggered (see later). 

To terminate an episode due to a paroxysmal junctional 
reentrant tachycardia immediately after it starts, it is 
important to block the circuit at any level, usually at the 
AV junction. This may be achieved by: (i) coughing hard 
five to ten times; (ii) performing a carotid sinus massage 
(CSM), if feasible, and (iii) administering drugs immedi- 
ately, if the episode persists, to terminate it as soon as 
possible. This treatment, known as the “pill-in-the- 
pocket” approach (recommendation class lia), was pro- 
posed by Lown more than 30 years ago (Alboni et al. 
2004). 

If the crisis does not cease, after some time (from min- 
utes to hours depending on the tolerance), the patient 
should be hospitalized, and if the tachycardia is of 
AVNKRI-type (this diagnosis may be suggested by ECG 
non-visible P’ or a slight change at the end of ORS (Figure 
15.11)), intravenous adenosine (treatment of choice in 
children) or amiodarone should be administered. If crises 
are repetitive we advise ablation. 

In cases of WPW pattern, even without crisis of 
AVRT, after discussing the situation with the patient, 
especially in the case of young people practising sports, 
we advise ablation in a well-experienced center after 
examining the results of the exercise testing, Holter moni- 
toring, and electrophysiologic studies (Bayés de Luna 
2011). This is based on the infrequent but real risk that the 
first episode could lead to a fast atrial fibrillation that, in 
very rare cases, may trigger ventricular fibrillation. 

In the majority of cases of repetitive crisis, ablation 
techniques solve the problem. Therefore ablation is 
the best solution for patients who tolerate junctional 
reentrant tachycardias poorly or experience them 
frequently. 


Tables 15.5 and 15.6 and Figures 15.11 and 15.12 show the 
most important ECG characteristics of these two types of 
tachycardias, as well as the differential diagnosis with other 
types of supraventricular paroxysmal tachycardias with 
narrow QRS and regular RR. The location of the P’ wave is 


a key point (for differential diagnosis see Figure 15.13). 


Atrioventricular junctional tachycardia 
due to ectopic focus 


Concept, mechanism, and clinical 
presentation 

Junctional tachycardia due to ectopic focus (JT-EF) is a 
rare tachycardia, which originates in an ectopic focus of 
the AV junction, as a result of increased automaticity or 
triggered activity (Ruder et al. 1986). 

JT-EFs are observed in patients with severe heart dis- 
ease, for example, acute myocardial infarction and elec- 
trolyte disorders. They are also found in children, and in 
some cases it is considered congenital (Dubin et al. 2005; 
Collins et al. 2009). 


ECG findings 

This arrhythmia is usually characterized by a fast rhythm 
(>150 bpm), a sudden onset and end, and often presents 
with AV dissociation. The atrial rhythm may be of sinus 
origin (Figure 15.17), ectopic atrial rhythm, atrial fibrilla- 
tion or flutter (Figure 15.18). Conduction into the ventri- 
cles is usually fixed. 

The JT-EFs that present with progressive onset and ter- 
mination (non-paroxysmal) usually have a slower heart 
rate (<130bpm) (Pick and Dominguez 1957). 

Bidirectional tachycardias of supraventricular origin 
are atrial, or more often atrioventricular junctional tachy- 
cardias due to ectopic focus with alternans ventricular 
aberrancy (right bundle branch block + superoanterior 
hemiblock, alternating with right bundle branch block + 
inferoposterior hemiblock) (see Chapter 16). 
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Figure 15.15 Holter continuous recording. Incessant junctional reentrant tachycardia with the fast-slow circuit type AVRT. The accessory 


bundle with slow conduction constitutes the retrograde arm of the circuit (see Figure 14.13). Bottom: Lewis diagram corresponding to the 
onset of one episode. 


Figure 15.16 A 28-year-old patient without heart disease and a normal ECG (A), who presented with episodes of paroxysmal tachycardia 
with wide QRS (B). This is an antidromic tachycardia through a long right atriofascicular tract (atypical pre-excitation, see Chapter 18, 
Atypical pre-excitation) that shows a morphology similar to that of an advanced left bundle branch block (LBBB), with wide QRS 
complexes and an rS morphology in V2-V4, as opposed to the relevant R wave in V3-V4 that is observed in antidromic supraventricular 
tachycardias over a right accessory atrioventricular pathway (Kent bundle) (see Figure 16.19 and Table 18.1). 
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Figure 15.17 Example of a fast junctional ectopic focus tachycardia (180/min) with complete atrioventricular dissociation. Atrial rhythm is 
sinus rhythm. 


Figure 15.18 (A) Atrial fibrillation with regular RR. The ECG is from a patient with a junctional tachycardia and digitalis intoxication who 
showed atrial fibrillation as an atrial rhythm. (B) F flutter waves of variable morphology and changing FR intervals coinciding with fixed 
QRS intervals. This supports the existence of a junctional ectopic focus that is dissociated from the atrial rhythm (atrial flutter). 
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Figure 15.19 Algorithm for the diagnosis of active supraventricular arrhythmias with regular RR intervals and narrow QRS. 
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When the rate is low (<100 bpm) but above the normal 
rhythm of the AV junction, it is considered an accelerated 
AV junctional rhythm. Occasionally, the accelerated idi- 
onodal rhythm competes with the sinus rhythm, produc- 
ing numerous atrial fusion complexes (Figure 15.20). The 
rhythms of the AV junction observed in heart rates below 
50 bpm are called “escape rhythms” and are discussed in 
Chapter 17. 

Figure 15.19 shows how we can perform diagnosis of 
this type of tachycardia in a surface ECG in the setting of 
a step-by-step diagnosis of supraventricular tachyar- 
rhythmias with regular RR and narrow ORS complexes. 
In addition, Tables 15.5 and 15.6 show some of the most 
important aspects of differential diagnosis. 


Clinical implications 

The prognosis depends on the clinical context (digitalis 
intoxication, electrolyte imbalance, etc.) and the heart 
rate. Tachycardia that occurs in childhood, especially in 
newborns, may be serious and may need urgent treat- 
ment including ablation. However, sudden death that 
sometimes occurs may be due to associated congenital 
advanced AV block (Rubin 2005). 


Chaotic atrial tachycardia 


Concept, mechanism, and clinical 
presentation 
This is an arrhythmia with a variable heart rate (between 
100 and 200bpm) due to the presence of three or more 
atrial ectopic focuses. 

From a clinical point of view, this is a very infrequent 
arrhythmia. It usually occurs in patients with cor pulmo- 
nale and is associated with hypoxia episodes. 


ECG findings 

ECG diagnosis may be made (Figure 15.21) when the fol- 
lowing ECG criteria are met: (i) three or more different 
P wave morphologies; (ii) isoelectric baselines in between 
P waves; (iii) absence of a dominating atrial pacemaker; 
and (iv) variable PP and PR intervals, which cause an 
irregular heart rate. 

At first glance, an incorrect diagnosis of atrial fibrilla- 
tion may be made. It is important to avoid confusion with 
ectopic P waves and atrial “f” waves (see Atrial fibrilla- 
tion, below). 


Clinical implications 
The best treatment for this arrhythmia is to treat and solve 
the hypoxic crises that are usually present. 


Atrial fibrillation 


Concept, mechanisms, and clinical 
presentation 

The incidence of atrial fibrillation increases with age. It is 
presumed that 10% of octogenarians suffer from atrial 
fibrillation. Although chronic atrial fibrillation may be 
an isolated finding, often it occurs in patients with heart 
disease, especially mitral valve disease, ischemic heart 
disease, hypertensive heart disease, and cardiomyopa- 
thies, and may also be present in some specific situations 
(hyperthyroidism, alcoholism, etc.). Furthermore, it has 
been demonstrated that higher birth weight is associated 
with an increased risk of atrial fibrillation during adult- 
hood. Atrial fibrillation may appear as an isolated find- 
ing, especially in the elderly or only in presence of some 
risk factors. In cases of lone atrial fibrillation in young 
people it seems clear that there is some genetic predispo- 
sition (Roberts and Gollob 2010). 

Figure 15.22 summarizes the pathophysiological mech- 
anisms involved in the initiation and perpetuating atrial 
fibrillation (Bayés de Luna 2011). 

Atrial fibrillation has to be considered a progressive 
disease, starting usually with episodes that are self- 
controlled (paroxysmal), and it is difficult to predict when 
these will repeat, but in at least in 10% of cases there will 
be recurrences at 1 year (Figure 15.23). Finally, in the 
majority of cases, with more or less time (sometimes sev- 
eral decades) the disease becomes persistent (needs drugs 
or electrical CV to restore sinus rhythm) or may remain 
permanent (chronic atrial fibrillation) (Figure 15.24). 
Patients with atrial fibrillation may present with symp- 
toms that are sometimes important (angina, dyspnea, and 
even heart failure in cases of very fast heart rate). However, 
on some occasions it is unnoticed by the patient or only 
present some palpitations. Unfortunately, especially in 
the presence of some risk factors, the incidence of cerebral 
embolism is real and will need preventive anticoagulation 
treatment (see later). 


ECG findings 

Diagnosis of atrial fibrillation, although it may be sus- 
pected during history taking and physical examination, 
is confirmed by the ECG. It is based on observation of the 
fibrillation “f” waves and the ventricular response, which 
is completely irregular. It is also desirable, if possible, to 
check the ECG morphology at onset and at the end of the 
episode, in order to make the differential diagnosis. 


During sinus rhythm 


Premonitory markers 

In sinus rhythm there are some ECG changes in the P wave 
that have been considered “premonitory markers” for 
future atrial fibrillation/atrial flutter. This encompasses: (i) 
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Figure 15.20 The sinus node and atrioventricular junction both compete to be the pacemaker. The heart is at times commanded by the sinus 
node (complexes 1, 2, 3, 6, and 7), and sometimes by the junction (complexes 5, 9, and 10). On occasion, an intermediate P morphology is 
observed (complexes 4 and 8, atrial fusion beats). In the fifth and tenth complexes the junctional focus is accelerated, exceeding 60 bpm, 
showing a discrete increase of atrioventricular (AV) junction automaticity. 


3 4 5 
2 j al 


he wnt D n 


W ee ae A mt men Ay pel ON N miada 


Figure 15.21 A patient with decompensated chronic obstructive pulmonary disease showing all the features of multimorphic or chaotic 
atrial tachycardia. Note the five different types of P waves in the first five QRS complexes. 


longer duration of P wave with an important negative part 
of the P wave in V1 (criteria of left atrium enlargement), 
the presence of left atrium enlargement (P+ V1 with dura- 
tion 2120ms) and signs of right atrial overload (tall initial 
part of P wave in V1), which may be critical for susceptibil- 
ity to atrial fibrillation; (ii) the presence of ECG signs of 
interatrial block (P wave >120ms) (Holmqvist et al. 2009) 
especially advanced with + morphology in II, IN, and VF 
(Bayés de Luna et al. 1988) (Figures 9.21 and 15.14). 

The ECG is often normal in paroxysmal atrial fibrillation 
and has other various ECG signs according to the underly- 
ing heart disease in case of chronic atrial fibrillation. 


Atrial waves: “f” waves (Figures 15.25 and 15.26) 
The ECG shows small waves (named fibrillatory “f”) 
with a rate between 350 and 700 per minute. V1 is gener- 
ally the most appropriate lead for observing the fibrilla- 
tion waves. In some leads and in the presence of atrial 
fibrosis the “f” waves are often not well seen. Fibrillatory 
waves measuring 21mm (coarse “f” waves) are consid- 
ered to be present more in patients with left atrial enlarge- 
ment (see Chapter 9). Patients with heart failure and low 
atrial fibrillatory rate have lower survival (Platonov 
2012). 

The majority of “f” waves are blocked somewhere in 
the AV junction with different degrees of concealed con- 
duction, producing an irregular ventricular response. 


Onset and end of episodes 

Paroxysmal atrial fibrillation is initiated by early prema- 
ture atrial contractions (short coupling interval) falling 
in the atrial vulnerable period (AVP) and often with 
repeated short runs of supraventricular tachyarrhyth- 
mias (Figure 15.24). 

Chronic atrial fibrillation is initiated by a premature 
atrial complex that is frequently isolated and usually with 
longer coupling interval than in paroxysmal episodes. 

The end of the episode is usually followed by a 
short pause. However, often the pause is more or less 
prolonged. When the pause is very long it may be 
indicative of bradycardia-tachycardia syndrome (see 
Figure 15.28). 


Ventricular response and QRS complex morphology 
Innormal conditions it is usually fast (from 130 to 160 bpm) 
and completely irregular due to the different degrees of 
concealed conduction of the “f” waves. 

In the presence of atrial fibrillation, a regular and slow 
ventricular rhythm is explained by the presence of an 
escape rhythm of the AV junction (narrow QRS complex), 
or ventricular (wide QRS complex) or pacemaker rhythm. 
If the ventricular rhythm is regular and fast, it is due to an 
AV junctional tachycardia with narrow QRS (Figure 
15.18A), or wide QRS in the case of aberrant conduction, 
or due to ventricular tachycardia. In both situations there 
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Figure 15.22 Summary of the pathophysiologic mechanisms involved in the initiation and perpetuation of atrial fibrillation (see text). 
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Figure 15.23 Types of atrial fibrillation according to clinical presentation. 


is a complete AV dissociation due to interference of the 
high ectopic rhythm, or AV block, if the ventricular rate is 
slow. 

The presence of wide QRS complex may be due to 
aberrancy or ectopy (see later). 


Differential diagnosis 


With other irregular tachycarrhythmias 

Diagnosis of atrial fibrillation is by ECG. In general, this is 
easy to diagnose. However, it can be confused with the 
following irregular rhythms: 

e Chaotic atrial tachycardia. The characteristics of this 
infrequent tachyarrhythmia are discussed in the section 
on Chaotic atrial tachycardia, above (Figure 15.21). 

e Atrial flutter with variable AV conduction. 

e Sinus rhythm with low-voltage P waves and frequent 
and irregularly located atrial extrasystoles. 


Aberrancy versus ectopy in wide ORS complexes 
This differential diagnosis has prognostic and thera- 
peutic implications. To explain the wide QRS 
morphology, the following considerations must be 
taken into account: 

eThe presence of runs with irregular wide QRS and 
typical right bundle branch block (RBBB) morphology 
rsR’ in V1 and/or qRs in V6) favors aberrancy (Figure 
15.29), mainly if the irregularity of the rhythm during the 
runs with the RBBB pattern is similar to that observed in 
the basic rhythm with narrow QRS. The maintained 
aberrancy with RBBB morphology may be explained by 
retrograde concealed conduction in the right bundle 
(Figure 15.29). 

e A wide QRS that does not follow the Gouaux—Ashman 
rule may be explained by different concealed conductions 
of “f” waves in the intraventricular conduction system 
(see Figure 15.30) (see legends and Figure 14.31). 
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Figure 15.24 A 37-year-old patient who showed frequent paroxysmal atrial fibrillation (AF) episodes despite drug therapy and who 
was a good candidate for ablation. We see the onset of an episode of paroxysmal AF after a very premature atrial systole that distorts the 
preceding T wave and is conducted with an aberrant QRS (arrow). Bottom: Onset and end of the episode in the heart rate trend of a Holter 


recording. 


The other morphologies are observed to a greater extent 
when the complexes are ectopic, including the R mor- 
phology in V1 with a notch in the descending arm of the 
R wave and the QS morphology in V6 (Figures 14.25 and 
15.30). 


Atrial fibrillation in WPW syndrome versus 
ventricular tachycardia 

In WPW syndrome with atrial fibrillation, QRS complexes 
with different degrees of pre-excitation may be observed, 
the occurrence of which are not related to the length of the 
preceding RR interval (Figure 15.31). 

The accessory pathway has a faster conduction than 
the specific conduction system, and therefore atrial 
fibrillation in the presence of WPW syndrome frequently 
shows QRS complex morphology with significant 
pre-excitation and fast heart rate. The refractory period 
of accesory pathway is also longer. Therefore, an atrial 
premature beat blocked in the accessory pathway may 
trigger paroxysmal reentrant AVRT (see Figures 14.13 
and 15.12). 

In atrial fibrillation in the presence of pre-excitation it is 
necessary to make the differential diagnosis with fast ven- 
tricular tachycardia runs. The following criteria are indic- 
ative of atrial fibrillation in the presence of WPW 
syndrome (Figure 15.31): (i) the presence of QRS com- 
plexes with different degrees of pre-excitation; (ii) the 
irregularity of the RR intervals; (iii) In ventricular tachy- 
cardia the presence of narrow QRS complexes, if they 
exist, are sinus captures (premature complexes), whereas 


in atrial fibrillation with WPW syndrome, the narrow 
QRS complexes are usually characterized by random 
occurrence and may be early or late. 


Clinical and prognostic implications 

Atrial fibrillation is the most prevalent tachyarrhyth- 
mia seen in outpatient departments as well as in hospi- 
tals. However, the total burden of atrial fibrillation 
extends beyond its symptoms because around 50% of 
atrial fibrillation episodes are asymptomatic. These 
asymptomatic episodes may impact quality of life and 
cardiac function (Savelieva and Camm 2000). Therefore, 
in patients at risk, especially those who suffer from 
valvular heart disease or have had a stroke, it is conveni- 
ent to use Holter monitoring to rule out the possibility of 
silent atrial fibrillation episodes. 

Mortality for any reason in patients with atrial fibrilla- 
tion virtually doubles the mortality observed in patients 
with similar clinical status in sinus rhythm. Isolated 
atrial fibrillation has a better prognosis. In the remaining 
cases it depends on the underlying disease. 

In general, the main dangers of atrial fibrillation are: 
(i) fast ventricular rates that are difficult to control with 
drugs and (ii) the risk of developing systemic embolism, 
especially cerebral embolism. Fast ventricular rates may 
lead to hemodynamic deterioration, left ventricle dys- 
function, and even to heart failure (tachycardiomyopa- 
thy), especially in cases with previous heart disease. In 
addition, in rare cases, WPW syndrome may induce 
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Figure 15.25 A 45-year-old patient with a tight mitral stenosis and mild aortic regurgitation. Note the typical atrial fibrillation (AF) 
medium-sized waves, which are especially visible in V1. 


Figure 15.27 Typical fibrilloflutter morphology. The atrial waves show a fairly regular, slightly faster rate in V1 (as in the flutter), and do 
not show a sawtooth morphology in II, III, or VF (as in atrial fibrillation). 
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Figure 15.28 A long pause frequently occurs after an episode in tachy—bradyarrhythmia syndrome, which in this case finishes with a sinus 
P wave. 
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Figure 15.29 (A) Sustained aberrancy. Several wide complexes with right bundle branch block (RBBB) morphology (wide S) are shown in 
the V6 lead. The eighth wide complex is probably aberrant and may be explained by a phase 3 mechanism (long preceding diastole, short 
coupling interval). Afterwards, there is a couple (complexes 11 and 12), as well as a run (complexes 14, 15, and 16), of aberrant complexes. 
Complexes 11 and 14 may be aberrant because of the aforementioned classical mechanism (short coupling interval, relatively long 
preceding diastole). In contrast, the aberrant complexes 12, 15, and 16 without these characteristics may be explained because the preceding 
ones (11, 14, and 15) may initiate a concealed retrograde conduction over the right bundle branch (RBB), preventing the subsequent stimuli 
12, 15, and 16 from crossing this branch in an anterograde fashion (*millivolt). (B) Two runs of QRS with sustained aberrancy are shown. 
The first complex in each run (1) would be explained by phase 3 aberrancy but not the others. The first aberrant complex of each run, and 
also the second and third of the first run, and the second of the second run probably retrogradely invades the RBB and the subsequent QRS 
is aberrant because it cannot be conducted over the RBB as it is in its refractory period due to concealed conduction in the right branch of 
the preceding QRS complex (see diagram in A). The typical right bundle branch block (RBBB) morphology (rsR’ in V1), and also the 
irregular RR cadence, similar to narrow subsequent QRS, strongly suggests aberrancy. 


serious ventricular arrhythmias, including ventricular 
fibrillation (see above). 


Therapeutic approach 

A therapeutic approach comprises four objectives: (i) pre- 
vention of the first episode, (ii) conversion to sinus rhythm 
and prevention of recurrences, (iii) if neither of these are 
possible, control of ventricular rate, and (iv) prevention of 
thromboembolism (Fuster et al. 2006; Kirchhof and 
Breithardt 2009; Camm 2011). 

Figure 15.32 summarizes when it is necessary to use 
the different therapeutic approaches (antiarrhythmic 
agents, anticoagulation, electrical CV, and ablation) 
along the evolutive course of the disease. Note that pre- 
vention of cerebral embolism is a priority in patients 
with atrial fibrillation and that the current success rate 
for ablation in paroxysmal cases is ~70% with relatively 
higher number of recurrences and a very small number 
of important complications. No doubt this result will 
improve in the future, especially if ablation is performed 
at an appropriate time—“not too early, not too late” and 
if it includes more cases of chronic atrial fibrillation. For 


further discussion on all these important aspects, see 
Bayés de Luna (2011). 


Atrial flutter 


Concept 
Atrial flutter is a fast atrial rhythm (240-300bpm). The 
cases with a slower rate, even <200bpm, are explained by 
the effect of pharmacologic therapy and/or the presence of 
important conduction delay in the atria. The rhythm is 
organized and regular, and initiates atrial waves that do 
not have (at least in some leads, especially the inferior leads) 
an isoelectric baseline between them (flutter “F” waves). 
From a clinical point of view, the etiological charac- 
teristics, clinical presentation, and prognosis of atrial 
flutter are similar to those of atrial fibrillation. 
Therefore, it may have paroxysmal (sporadic and 
repetitive) and chronic (persistent and/or permanent) 
forms. However, atrial flutter is a more “transient 
arrhythmia” that frequently changes to sinus rhythm 
or atrial fibrillation. 
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Figure 15.30 Strip of a patient with atrial fibrillation and some wide QRS complexes. The QS morphology of the wide complex in V6 
definitely indicates an ectopic origin despite the previous diastole being very long (AB). Note that even with a longer preceding diastole 
(CD), the following QRS (E) shows a normal morphology, probably because of the concealed conduction of some “f” waves in the branches 
(see Figure 14.31). 


Figure 15.31 Twelve-lead ECG of a Wolff-Parkinson-White (WPW) syndrome in atrial fibrillation. Note the great degree of aberrancy 

of the complexes, complicating the differential diagnosis with ventricular tachycardia, especially in the presence of a regular ventricular 
conduction (atrial flutter) (see Figure 15.46). This arrhythmia should always be taken into account, because it may easily be mistaken for 

a very serious ventricular tachycardia. In this case the diagnosis of WPW syndrome with atrial fibrillation is supported by: (i) the presence 
of delta waves in some leads (V2, V3) and the presence of different morphologies of QRS, with more or less degrees of aberrancy, as the 
expression of different degrees of conduction over the accessory pathway; (ii) irregular RR; (iii) narrow QRS, which may or may not be 
premature (see asterisk and Figure 15.46) (in ventricular tachycardia, narrow QRS complexes are always premature (captures) ); and 

(iv) awareness of the existence of this arrhythmia. 
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Figure 15.33 Morphology correlation between II and V1 in a common 2 x 1 flutter, with an eventual 3 x 1 conduction. 


VF 


25,0 mm/ms 10,0 mm/mV 


Figure 15.34 A 15-year-old patient with Ebstein’s disease. Note the sawtooth morphology of the common 3 x 1 flutter waves, which show a 


voltage greater than usual because of the large size of the atria. 


Electrophysiologic mechanism 

Although atrial flutter has aspects very similar to atrial 
fibrillation, it is really a very different arrhythmia 
because the maintenance mechanism is different. Atrial 
flutter is an arrhythmia of the right atrium, the mainte- 
nance mechanism of which is a macro-reentry, and atrial 
fibrillation is a left atrium arrhythmia, the mechanisms of 
which are never a macro-reentry. However, the triggering 
and modulating factors (PSVC, autonomic nervous sys- 
tem imbalance, inflammatory markers, etc.) are similar to 
those of atrial fibrillation. 

It is possible that all types of flutter start with a very 
premature atrial extrasystole, which, when it finds some 
zone of the atria with unidirectional block, initiates a cir- 
cular movement (reentry). The slower the conduction of 
the stimulus or the longer the circuit, the easier it is to 
perpetuate the arrhythmia. 

The depolarization in common (typical) flutter is 
counterclockwise, going down through the anterior and 
lateral walls of the right atrium and up through the sep- 
tum and the posterior wall of the right atrium, with a 
zone of slow conduction in the lower right atrium. Thus, 
when depolarization reaches the lower part of the sep- 


tum, another “F” wave is already in development (Figure 
14.12A). This explains the lack of isoelectric baseline 
between “F” waves, and why “F” waves are predomi- 
nantly negative in leads II, III, and VF. From leads such as 
VE, the positive (craniocaudal) part of the wave lasts 
longer and is smoother (less visible) than the negative 
part (caudocranial) (Figures 15.33 and 15.34). Because of 
this, in II, III, and VF the negative morphology part pre- 
dominates over the positive one, especially in the absence 
of large atria. 

In a small number of cases, flutter activation uses the 
same circuit but follows a clockwise rotation, ascending 
through the anterior and lateral wall and descending 
through the posterior and septal wall, so that the circuit is 
the same, but the rotation is different (inverse or reverse 
flutter) (Figures 14.12B and 15.35). Usually the ECG 
shows a different morphology (wide positive waves in 
leads II, III, and VE, and wide negative in V1). 

It is also possible to find other morphologies that 
require electrophysiologic study to identify the circuit. 
They are probably related to a reentry in the left atrium, 
and correspond to an uncommon type of flutter (atypi- 
cal flutter) (Figures 14.12C and 15.36). These cases are 
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equivalent to macro-reentrant atrial tachycardia but with 
a higher rate (> 220 bpm). 


ECG findings 


Sinus rhythm 
The considerations discussed in the atrial fibrillation 
section are also valid for atrial flutter (Figure 15.14). 


Flutter “F” waves 


Common or typical flutter: counterclockwise 
activation (Figures 15.33 and 15.34) 

This comprises predominantly negative “F” waves in 
leads II, III, and VF. These are “F” waves with a small volt- 
age in the absence of large atria, and are without an isoe- 
lectric baseline, giving them a sawtooth morphology. 
They are predominantly negative in leads II, III, and VF, 
and positive in V1, where the “F” wave is usually narrow 
and often shows an isoelectric baseline. 


Non-common flutter 

e Reverse or inverse flutter: Clockwise activation 
(Figure 15.35). Generally, it initiates wide and positive 
“F” waves in leads II, II, and VF, without isoelectric 
baselines between them and with predominantly neg- 
ative and wide waves in lead V1. 


e Atypical flutter (Figure 15.36): This term includes 
positive atrial wave in II, II, VF, and V1 with high 
rates (>220bpm) and sometimes with some undulat- 
ing waves in at least some leads that do not show 
characteristics of typical or inverse flutter. 


Other types of atrial activity 

e Fibrilloflutter: In some leads the atrial waves are 
typical of fibrillation and in others like flutter waves 
(Figure 15.27). 

e Onrare occasions, especially when patients are taking 
cardioactive drugs (i.e. digitalis), the morphology of 
the flutter wave varies (Figure 15.18B). 

e Atother times, when there is significant atrial fibrosis, 
the flutter “F” waves may not be visible (Figure 15.37). 


Ventricular response and QRS morphology 

In typical flutter with a rate between 250 and 300bpm, 
one of every two “F” waves are blocked in the AV junc- 
tion, as a rule, and therefore the ventricular response is 
between 125 and 150bpm. The FR interval, starting from 
the beginning of the negative “F” wave, has a duration 
20.20s (Figure 15.38B). However, a higher degree block 
(3:1, rare, 4:1, 6:1, or more) is found, especially with cer- 
tain drugs that have depressor effects on the atrioventric- 
ular conduction (Figure 15.38A). Sometimes, in the same 
patient the degree of conduction is variable and can be 


Figure 15.35 Example of reverse atrial flutter (positive “F” waves in I, II, III, and VF, and wide negative in V1) that appeared after surgery 


for anomalous drainage of pulmonary veins. 
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Figure 15.36 Example of atypical flutter with fast atrial waves (~280 x’) and predominantly negative waves in I and positive waves in II, 
II, VE, and V1. This type of flutter is very often recorded in patients with advanced interatrial block with retrograde activation of the left 


atrium. 
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Intracavitary ECG 


Figure 15.37 (A) ECG of a 66-year-old man with a heart rate of 55bpm. Atrial waves are not visible, simulating a junctional escape rhythm. 
(B) With the use of external wave amplification and intracavitary ECG, the concealed flutter waves were exposed. (C) A successful 
cardioversion was performed, showing afterwards, thanks to external amplification of waves (SI A), that it was a small but visible sinus 


P wave (see arrow). 


inclusively 1:1 in the same patient (Figure 15.39). If the 
basal QRS complex is wide because of a bundle branch 
block or pre-excitation, the presence of atrial flutter with 
1x1 conduction mimics a ventricular flutter aspect 
(Figure 15.40). Flutter with 1x1 is very badly tolerated 


and represents a real risk of sudden death as a result of 
its high ventricular rate (usually >220 bpm). 

The presence of variable FR intervals and fixed 
RR intervals means that AV dissociation exists 
(Figures 15.18B and 17.4). 


326 Arrhythmias 


FR 0,2 


Figure 15.38 (A) Atrial flutter (“F” waves in V1 at 280 bpm) with a significant atrioventricular (AV) block. (B) Typical flutter with a fixed 4 x 1 


AV conduction. Note the fixed and long FR interval. 


Figure 15.39 A patient with tight mitral stenosis taking antiarrhythmic agents who presented with a 1 x 1 flutter that turned into a 


Wenckebach-type 4x 3 conduction (B) and finally a 2 x 1 flutter (C). 


The wide QRS morphology may be cause by aberrant 
conduction (bundle branch block pattern) (Figure 15.40) 
or conduction along an accessory pathway (Figure 15.41). 
In cases of 2:1 flutter and primarily 1:1 conduction, an 
accessory pathway must be considered when the aberrant 
QRS complex morphology does not correspond with a 
bundle branch block pattern and especially if a delta wave 
is suspected. If the flutter is 1:1, the morphology can look 
like ventricular flutter (compare Figures 15.40B and 
15.41B). 


Diagnostic difficulties and differential 
diagnoses 

These have already been discussed. They include: (i) 
diagnostic difficulties due to “F” wave morphology; (ii) 
diagnostic difficulties due to the “F” wave rate; (iii) diag- 
nostic difficulties due to the width of the QRS complex; 


and (iv) diagnostic difficulties due to artifacts. This has 
been seen with diaphragm contractions (hiccups) and 
also as a result of recording problems, for example, when 
a patient is trembling (Parkinson’s tremor disease) 
(Figure 15.42). 


Clinical implications 

In comparison with atrial fibrillation it is more difficult to 
control the heart rate in atrial flutter, but the risk of embo- 
lism is lower. However, atrial fibrillation frequently alter- 
nates with flutter episodes in the same patient. Thus, the 
prognosis is similar to that for atrial fibrillation. 

There are various options (drugs, electrical CV, atrial 
pacing, and even ablation) for treatment of rapid atrial 
flutter episodes in hospital. The aim of treatment is to 
restore sinus rhythm. The success of ablation is higher 
than in atrial fibrillation (see Bayés de Luna 2011). 
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Figure 15.40 (A) A 52-year-old patient with Ebstein’s disease and rapid rhythm at 160bpm suggestive of a 2 x 1 flutter (QRS morphology 
similar to that under sinus rhythm), which ceased after cardioversion (arrow), turning into a slow escape rhythm with retrograde conduction 
toward the atria. (B) Afterwards, this patient showed a short (monitor strip) run of tachycardia with a heart rate doubled from the previous 
one (~320bpm) (1 = 2), which was very badly tolerated, probably indicating a 1 x 1 flutter, which fortunately ceased spontaneously after a 
few seconds. This tracing, seen isolated, may be taken as a ventricular flutter. 


Figure 15.41 A 50-year-old patient with type IV Wolff-Parkinson—White (WPW) atrial fibrillation (top) and atrial flutter (bottom) 
episodes simulating a ventricular tachycardia. (A) The isolated, wide R morphology, with a notch in the descending arm does not 
correspond to a right bundle branch block (RBBB)-type conduction aberrancy. The following facts are in favor of a WPW syndrome with 
atrial fibrillation (in addition to other clinical features and the prior awareness of the WPW syndrome diagnosis): (i) The wide complexes 
show a very irregular rate and morphology (varying wideness) because of the presence of different degrees of pre-excitation. (ii) The 
two narrow complexes—6 and the last one in A—are late and premature, respectively. In sustained ventricular tachycardia, QRSs are 
more regular and if captures occur (narrow complexes), they are always premature (see Figures 15.31 and 16.15). (B) In the WPW 
syndrome with atrial flutter (in this case 2 x 1, 150 bpm) differential diagnosis with sustained ventricular tachycardia through the 

ECG is even more difficult. 


Figure 15.42 A patient with Parkinsson’s disease who simulates an atrial flutter in some leads (III), although the P wave is clearly visible in 
other leads (V4). 
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Chapter 16 


Active Ventricular Arrhythmias 


In this chapter we will discuss premature ventricular 
complexes and various types of ventricular tachycardia as 
well as ventricular fibrillation and ventricular flutter 
(Table 16.1). 


Premature ventricular complexes 


Concept and mechanisms 
Premature ventricular complexes (PVCs) are premature 
impulses (complexes) that originate in the ventricles. 
Therefore, they have a different morphology from that of 
the baseline rhythm. 

PVCs may be caused by extrasystolic or parasystolic 
mechanisms (Figures 16.1 and 16.2): 
e Extrasystoles are much more frequent than parasysto- 
les and are induced by a mechanism related to the preced- 
ing ORS complex. For this reason, they feature a fixed or 
nearly fixed coupling interval (Figure 16.1). This is gener- 
ally a reentrant mechanism (usually micro-reentry), but 
also branch to branch, or around a necrotic or fibrotic 
area (see Figure 14.10). They may also be induced by 
post-potentials (triggered activity) (see Figure 14.16) or 
other mechanisms (see Bayés de Luna 2011). 
e Parasystoles are much less frequent (Figure 16.2). They are 
impulses that are independent of the baseline rhythm. The 
electrophysiologic mechanism is an ectopic focus protected 
from depolarization by the impulses of the baseline rhythm. 
In general, this is due to the presence of a unidirectional 
entrance block in the parasystolic focus (see Figure 14.18). 


ECG findings 
ECG forms of presentation 
In the ECG, the PVCs are represented as premature wide 
ORS complexes with a different morphology from that of 
the basal ORS. 

PVCs usually show a complete compensatory pause 
(the distance between the QRS complex preceding the PVC 
and the following QRS complex double the sinus cadence) 


(Figure 16.3A). This happens because the PVC usually fails 
to discharge the sinus node. In consequence, the distance 
BC doubles the distance AB, appearing as two sinus cycles. 
If the PVC discharges the sinus node, a non-complete com- 
pensatory pause may be observed (BC<2AB) (Figure 16.3B). 
When the sinus heart rate is slow, a PVC, although it may 
enter the atrioventricular (AV) junction, leaving it in a refrac- 
tory period (RP), will not prevent the following sinus stimu- 
lus from being conducted toward the ventricles, usually 
with a longer PR interval. This is because of the concealed 
PVC conduction in the AV junction, leaving it in the relative 
refractory period (RRP) that slows, but does not prevent, the 
conduction of the following P wave. Thus, the PVC occurs 
between two sinus conducted P waves and does not feature 
a compensatory pause (Figure 16.3C). This type of PVC is 
known as an interpolated PVC (Figures 14.29 and 16.3C). 
An isolated PVC may occur sporadically or with a spe- 
cific cadence. In this case, they may produce a bigeminy 
(a sinus ORS complex and an extrasystolic QRS complex) 
(Figure 16.1B) or a trigeminy (two normal QRS complexes 
and one extrasystolic QRS) (Figure 16.1A). As we have 
already said, they may also occur in a repetitive form 
(Figures 16.1B and 16.4D). Short and isolated runs of clas- 
sical monomorphic ventricular tachycardia with a rather 
slow rate (Figure 16.4) are considered repetitive forms of 
PVCs and will be dealt with in this section. 
Lown has classified the PVCs into different types, 
according to the characteristics shown in Table 16.1 and 
Figure 16.4 (Lown and Wolf 1971). Ventricular tachycar- 
dia (VT) runs correspond to class 4b in Lown’s classifica- 
tion (Figure 16.4). If the runs of VT are frequent and 
repetitive are named non sustained VT (see later). This 
classification is hierarchical and has prognostic implica- 
tions (see later). 


Characteristics of QRS complexes 

Width of the QRS complex 

Most PVCs originate in the Purkinje network or in the 
ventricular muscle. They usually display a QRS complex 


Clinical Electrocardiography: A Textbook, Fourth Edition. Antoni Bayés de Luna. 


© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd. 


329 


330 Arrhythmias 


Table 16.1 Lown’s classification of premature ventricular complexes 
(PVCs) according to their prognostic significance (Holter ECG) 


Grade 0 No PVC 
Grade 1 <30/h 
Grade 2 230/h 
Grade 3 

Grade 4a On pairs 
Grade 4b 

Grade 5 


Polymorphic PVCs 


Runs of monomorphic ventricular tachycardia 
R/T Phenomenon (PVC falls on the preceding T wave) 


Reproduced with permission from Lown and Wolf (1971). 


Figure 16.1 (A) Typical example of ventricular 
extrasystoles in the form of trigeminy. (B) Another 
example of ventricular extrasystoles, first 
bigeminal, then one run of non-sustained 
ventricular tachycardia (VT) (four complexes). 
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Figure 16.2 An example of 
parasystole. Note the variable 
coupling intervals, 760 ms, etc., 
the interectopic intervals that are 
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multiples 2380, 2400, 2400 x3, 

500 etc., and the presence of a fusion 
complex (F). The diagnosis of 
parasystole may be already 
performed before the appearance 


20.12s. Occasionally, if they start in one of the two main 
branches of the bundle of His or in one of the two divi- 
sions of the left bundle branch (LBB), the QRS is <0.12s 
(narrow fascicular PVC), and the morphology, although 
variable, resembles an intraventricular conduction 
block with a QRS <0.12s. Some of these are parasystolic 
impulses. 


> of the fusion complex. 


Morphology 

QRS morphology varies according to its site of origin 
(Figure 16.5). If the QRS complex starts in the right 
ventricle it is similar to that of a left bundle branch block 
(LBBB) (Figure 16.5B). Those originating in the left ventri- 
cle show a variable morphology: when QRS complexes 
arise mainly from the lateral or inferobasal walls of the 
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Figure 16.3 (A) Premature ventricular complexes (PVCs) with 
concealed junctional conduction, which hinders the conduction 
of the following P wave to the ventricles. (B) PVC with retrograde 
activation to the atria with depolarization of the sinus node. 

A change starts in the sinus cadence. (C) PVC with partial 
atrioventricular (AV) junctional conduction that permits the 
conduction of the following sinus P wave to the ventricles, 

albeit with longer PR. 


heart, they appear positive in all precordial leads (Figure 
16.5A); when QRS complexes originate next to the infer- 
oposterior or superoanterior division of the left bundle, 
they resemble a prominent R wave, sometimes with 
notches in the descending limb of the R wave, but usually 
without the rsR morphology that is typical of right bundle 
branch block (RBBB) in lead V1. The ÂQRS may be 
extremely deviated to the right or to the left, depending 
on their origin in the inferoposterior or superoanterior 
division, etc. The presence of QR morphology suggests 
associated necrosis (see Monomorphic ventricular tachy- 
cardia, below). 

In general, all QRS of ventricular tachycardias show 
similar morphologic characteristics to the initial PVC. 
This is because they usually have the same origin and are 
caused by the same mechanism. In addition, the intraven- 
tricular conduction of the stimulus is usually the same. 
However, the morphology of QRS complexes may change 
during an episode of ventricular tachycardia (pleomor- 
phism) (see Polymorphic ventricular tachycardia, below), 
or a PVC with a given morphology may produce a 
polymorphic rather than monomorphic ventricular tach- 
ycardia, as is often the case in Brugada’s syndrome (see 
Chapter 21). 

In individuals with no evidence of heart disease, 
PVCs usually show high voltage and unnotched QRS 
complexes. It is possible for them to have a QS morphol- 
ogy but rarely a notched QR morphology. Repolarization 
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shows an ST segment depression when the QRS is posi- 
tive, and vice versa, whereas the T wave has asymmetri- 
cal branches (Figure 16.6A). This type of PVC may also be 
observed in patients with heart disease. 

However, the PVCs of patients with significant myo- 
cardial impairment show symmetrical T waves more 
often than healthy subjects, because of the presence of an 
additional primary disturbance of repolarization. Also, 
the QRS complexes show notches and slurrings, often 
with a low-voltage pattern and qR morphology (Moulton 
et al. 1990) (Figure 16.6B). 

Extrasystole compared with parasystole (Figures 16.1 
and 16.2). The extrasystolic PVC presents a fixed coupling 
interval. When they are very late (PVCs in the PR inter- 
val) they may present fusion complexes (Figure 16.21B). 
The parasystolic PVCs present usually marked variable 
coupling interval (>80ms) and the interectopic intervals 
are multiples of each other. Lastly the third key diagnostic 
point of parasystolic PVCs is the presence of fusion com- 
plexes that occur when the impulse from baseline and 
parasystolic foci both activate the ventricle at the same 
time. The presence of fusion complexes are not necessary 
for diagnosis of parasystole because they often only 
appear sporadically and when the diagnosis is already 
made (Figure 16.2) (consult Bayés de Luna 2011 for more 
information). 


Differential diagnosis 

Table 15.1 shows the most relevant data indicative of 
aberrancy or ectopy in cases of premature complexes 
with wide ORS. It is very important to determine whether 
a P wave preceding a wide premature QRS complex is 
present, because this is crucial for the diagnosis of 
aberrancy (Figure 16.7). It is also essential to thoroughly 
observe the PVC morphology, as the presence of patterns 
consistent with the typical bundle branch block is very 
much in favor of aberrancy, although we have already 
stated that fascicular PVC may mimic the pattern of an 
intraventricular conduction disorder with QRS com- 
plexes <0.12s. 


Clinical implications 

If the PVC are repetitive, they form pairs (two consecu- 
tive PVCs) or ventricular tachycardia runs (23) (Figures 
16.1B and 16.4). Conventionally, a ventricular tachycar- 
dia is considered to be sustained when it lasts for more 
than 30s. 

PVCs both of extrasystolic and parasystolic origin may 
be observed in healthy subjects and in heart disease 
patients. PVCs are more troublesome while resting, 
particularly when the patient is lying in bed. When 
frequent, they can cause significant psychologic 
disturbances. The incidence increases with age, and is 
more frequent in asymptomatic men after the age of 50 
(Hinkle et al. 1969). At times, healthy people present with 
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Figure 16.4 Different types of premature ventricular complexes (PVC) according to Lown’s classification: (A) frequent PVCs, (B) polymorphic 
PVCs, (C) a pair of PVCs, (D) run of ventricular tachycardias (VT), (E and F) examples of R/T phenomenon with a pair and one run. 


Figure 16.5 (A) Premature ventricular complexes (PVCs) that arise in the lateral wall of the heart (QRS always positive from V1 to V6 and 
negative in I and VL). These are frequently observed in heart disease patients. (B) PVCs that arise in the right ventricle. These are frequently 
observed in healthy individuals, although they may also occur in patients with heart disease. 


PVCs as a result of consuming foods that cause flatu- 
lence, in addition to wine, coffee, ginseng, and some 
“energy drinks.” Emotion, stress, and exercise can also 
cause PVCs. 

The characteristic auscultation finding is interruption 
of the normal rhythm by a premature beat or beats 
followed by a pause. If they are very frequent, and espe- 
cially if they appear in runs, they may end up affecting 
the left ventricular function, even in patients without 
previous heart disease (tachycardiomyopathy). Never- 
theless, in healthy subjects the prognosis is generally 
excellent. 

The long-term prognosis of healthy subjects with ven- 
tricular premature systoles is generally good (Kennedy 
et al. 1985; Kennedy 2002). Nevertheless, the following 
considerations should be taken into account: (i) if PVCs 
clearly increase with exercise, this indicates an increasing 
long-term risk for cardiovascular problems (Jouven et al. 
2000); (ii) it has been reported that during a stress test, the 
ST segment depression in the PVC may be a better marker 
for ischemia than the ST segment depression in the base- 
line rhythm (Rassouli and Ellestad 2001) (see Figure 
20.33); (iii) very frequent PVCs (>10000-20000/day) 
(Niwano et al. 2009) or a PVC burden of >24% (Baman 
et al. 2010) may lead to ventricular function impairment, 
in which case ablation of the ectopic focus may be advis- 
able (Bogun et al. 2008). 

In addition, it should be noted that Lown’s classification 
is hierarchical (Table 16.1). However, the R/T phenome- 
non is currently considered to be dangerous, especially in 
the presence of acute ischemia. 


J hr 


Figure 16.6 Typical ECG morphologies of premature ventricular 
complexes (PVCs) in healthy individuals (A) and in patients with 
advanced heart disease (B). 
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It has been demonstrated (Moss 1983; Bigger et al. 1984) 
that in patients with chronic ischemic heart disease (IHD), 
especially post-infarction, risk increases after one PVC 
per hour, especially when complex PVC morphologies 
and/or heart failure are present. Recently it has been 
demonstrated (Haqqani et al. 2009) that the characteristics 
of myocardial infarction scar are more important than the 
number of PVCs in the triggering of sustained ventricular 
tachycardia. 

In hypertrophic cardiomyopathy, the presence of frequent 
PVCs, especially the presence of ventricular tachycardia 
runs, during a Holter ECG recording is an indicator of risk 
for sudden death (McKenna and Behr 2002). 

The severity of PVCs increases in patients with 
depressed ventricular function and especially in the pres- 
ence of evident heart failure. 

Treatment of PVCs largely depends on the clinical con- 
dition of the patient (Bayés de Luna 2011). 


Ventricular tachycardias 


Ventricular tachycardias (VT) may be sustained or appear 
as runs. They are considered sustained when they last for 
more than 30s. Based on their morphology, ventricular 
tachycardias are classified as either monomorphic or 
polymorphic (Table 16.2). The initial complexes some- 
times show certain polymorphisms and may often feature 
irregularities of rhythm. Therefore, this classification 
should be made when the VT is established. 

Both monomorphic and polymorphic VT may be sus- 
tained or non-sustained (runs). Isolated or infrequent 
monomorphic ventricular tachycardia runs have been 
traditionally studied along with PVCs, and are now 


Table 16.2 Ventricular tachycardias 


Monomorphic Polymorphic 


Classical (QRS 20.12s) 

Narrow ORS 

Accelerated idioventricular rhythm 
Non-sustained monomorphic 
Parasystolic 


Torsades de pointes 
Bidirectional 

Pleomorphism 
Catecholaminergic polymorphic 
Other VTs with variable 
morphology 
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Figure 16.7 Taken from a 51-year-old woman who showed frequent paroxysmal tachycardia episodes. Note how the second and seventh T 
waves prior to arrhythmia onset are much sharper than the remaining waves, because an atrial extrasystole causes, respectively, an isolated 


or repetitive aberrant conduction. 
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classified as type IVB in Lown/’s classification (Figure 
16.4). The clinical, prognostic, and therapeutic aspects 
of frequent monomorphic ventricular tachycardia runs, 
particularly if they are incessant, may easily trigger a sus- 
tained VT in heart disease patients and have a significant 
hemodynamic impact. 


Monomorphic ventricular tachycardia 

When monomorphic ventricular tachycardias (VTs) origi- 
nate in the upper septum/bundle of His branches, they 
may have a narrow QRS (<0.12s). However, if they 
originate in the Purkinje network, or in any area of the 
ventricular myocardium, they have wide QRS complexes 
(20.128) (classical VT). 


Classical ventricular tachycardia (QRS 20.12s) 

1. Concept 

By definition, sustained VTs are those lasting longer 
than 30s. However, from a clinical point of view, most 
sustained VIs are long enough to develop specific 
symptoms that may require hospitalization. Most VTs 
are triggered by extrasystolic PVC. Thus, the initial com- 
plex if there are several episodes, has the same coupling 
interval. Parasystolic VTs are very rare and frequently 
occur at a slow rate. They are generally non-sustained 
VTs, appearing in runs, and arise from a protected auto- 
matic focus, which explains the variable coupling inter- 
val (see Figure 16.24). 

Classical VT generally originates in the subendocardial 
area. In a small number of cases in the subepicardium and 
the majority of these cases in presence of heart disease, 
especially ischemic and non-ischemic CM. The basal 
superior region of the LV is them most frequent site of 
origin of VT of epicardial origin in cases of non-ischemic 
CM (Valles et al. 2010). 


2. Electrophysiologic mechanism 

In subjects with heart disease 

In acute myocardial infarction patients without previ- 
ous scars, sustained VTs are relatively rare, and sudden 
death generally occurs due to ventricular fibrillation 
triggered by one isolated or repetitive PVC (Figures 16.31 
and 16.32). 

Post-infarction VTs generally in presence of ischemic 
CM, are usually triggered by alterations in the autonomic 
nervous system assessed by different parameters in the 
presence of frequent PVCs (Moss 1983; Bigger et al. 1984). 
Recently, it has been demonstrated (Haqqani et al. 2009) 
that the characteristics of the scar are more relevant to 
trigger VIs in chronic IHD patients without residual 
ischemia than the presence of PVCs (see before). The VT 
may be perpetuated in post-infarction patients by a reen- 
try mechanism in the area surrounding the infarction scar. 


This reentry may be explained by the classical concept of 
anatomic obstacle or by the functional reentry (rotors). 

VIs are also present in patients with non-ischemic 
CM and in other heart diseases (valvular, congenital) 
especially in the presence of heart failure. 

In some cases, particularly in patients with dilated or 
ischemic cardiomyopathy, VTs are produced by a reentry 
where both branches of the specific conduction system 
(SCS) are involved (Touboul et al. 1983). 

Channelopathies present VT due to heterogeneous 
dispersion of repolarization (phase 2 reentry) (Figure 
14.15) (Yan et al. 1998; Opthof et al. 2007) that may induce 
SD. Also other inherited heart diseases such as HC and 
ARVD/C may present VT and SD (see Chapter 21). 


In subjects with no evidence of heart disease 
The most frequent electrophysiologic mechanisms are as 
follows: 
e A micro-reentry, usually in the region of the inferopos- 
terior fascicle of the left bundle branch. 
e Triggered electrical activity: These VTs are sensitive to 
adenosine. 
eIncreased automatism: These VTs are sensitive to 
propanolol. 

Table 16.3 shows the differences between these three 
types of idiopathic VTs. 


3. ECG findings 

ECG recording in sinus rhythm 

If previous ECGs are available, it is useful to compare 
their morphologies with that of a wide QRS complex 
tachycardia. For instance, in the case of a tachycardia with 
a wide ORS complex 20.12s, the presence of an even 
wider ORS complex in sinus rhythm due to an advanced 
LBBB strongly supports the diagnosis of VT. Meanwile, 
the presence of an AV block during sinus rhythm favors a 
wide QRS complex being a VT. 


Onset and end 

Sustained VT usually starts with a PVC with a morphol- 
ogy similar to the other QRS of the tachycardia, with a 
relatively short and fixed coupling interval but frequently 
without R/T phenomena, especially in sustained VT not 
related to acute ischemia. Sometimes, prior to the estab- 
lishment of a sustained VT, the number of PVCs and runs 
increases significantly. 

Sustained VT may trigger ventricular fibrillation 
(Figure 16.34A). This is often the final event in ambula- 
tory patients dying suddenly while wearing a Holter 
device (Bayés de Luna et al. 1989). Tachycardization of 
sinus rhythm characteristically occurs prior to the sus- 
tained ventricular tachycardia, which leads to ventricular 
fibrillation and sudden death. 

Ventricular tachycardia may end by reverting to sinus 
rhythm or triggering ventricular fibrillation, and, rarely, 
reverting to asystole (Figure 16.8). 
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Table 16.3 Idiopathic ventricular tachycardias with QRS 2120 ms: ECG morphology* 


Idiopathic VT with LBBB morphology (generally with “r” in V1). May originate in both ventricles (although usually originates in the RV)? 


Inferior (right) AQRS e VT originates in RVOT endocardium. Features a relatively late R transition (V3-V4); R/S in V3 <1) and an isolated 


unnotched R in V6 (see Figure 16.11). 50% of VT of ARVC show similar morphologies (RVOT) 


e VT originates near the aortic valve. Features an early R transition (R/S V3 > I) and an isolated notched R in V6 With regard 


to origin (see Figure 16.9-4): (i) if QRS morphology in | is rS or QS the zone close to the left coronary leaflet is involved; 
(ii) if a notched “r” is observed in V1, the VT originates near the non-coronary valve; and (iii) if qrS pattern is present in 
V1-V3, the VT originates between the right and left coronary valves 


e |f the VT originates in the area surrounding the mitral ring, a morphology rsr’ or RS is observed in V1 


Superior (left) AQRS e VT originates in the RV free wall and/or near the tricuspid ring. R in | and OS or rS in V1-V2 and late R transition in 
precordials. ARVC should be ruled out (see Figure 21.7B) 


Idiopathic VT with RBBB morphology (generally, R inV1 and “s” in V6; from Rs to rS). Always originates in the LV 


Superior (left) AQRS e Inferior—posterior fascicular VT: activation similar to RBBB + SAH (Figure 16.10) 
Inferior (right) AQRS e Anterior—superior fascicular VT Activation 
r 


e VT originated in LVOT endocardium nea similar to the 


anterior-superior fascicle RBBB + IPH 


aldiopathic VTs with duration <120ms (narrow ORS) present partial RBBB or LBBB morphologies. 


ÞOuyeng (2002); O'Donnell et al. (2003); Yamada (2008). 


IPH: inferoposterior hemiblock; LBBB: left bundle branch block; LV: left ventricle; LVOT: left ventricular outflow tract; RBBB: Right bundle branch 
block; RV: right ventricle; RVOT: right ventricular outflow tract; SAH: superoanterior hemiblock; VT: ventricular tachycardia. 
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Figure 16.8 Three modes of termination 

of a sustained ventricular tachycardia (VT). 
(A) Reverting into sinus rhythm. 

(B) Initiating a ventricular fibrillation. 

(C) Turning into asystole (rare). 
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Heart rate 

Heart rate usually ranges from 130 to 200bpm. RR inter- 
vals occasionally show some irregularities, especially at 
tachycardia onset and termination. The rate typically 
increases before ventricular tachycardia turns into 
ventricular fibrillation (Figure 16.34A). 


QRS morphology 

By definition, QRS complexes are monomorphic. The 
QRS complex patterns depend on the site of origin, the 
ventricular tachycardia pathways, and the presence of 
heart disease. 

In subjects with no evidence of heart disease: (i) 
Usually, the QRS morphology does not have many 
notches, and the T wave is clearly asymmetric. The 
morphology is similar to that of a LBBB or RBBB. However, 
the bundle branch block pattern is usually atypical. (ii) 
Table 16.3 describes the different types of idiopathic VT 
according to ECG morphology: RBBB-type with evidence 
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of left or right ÂQRS deviation, or LBBB-type with left or 
right ÂQRS deviation. (iii) Figure 16.9A,B shows the 
ECG characteristics of idiopathic VT, depending on their 
site of origin (Figures 16.10 and 16.11). (iv) Despite 
having different mechanisms, VTs often originate in 
areas very close to each other, and therefore have similar 
morphologies. (v) VTs originating in the left papillary 
muscles are similar to fascicular VTs; however, they 
show a wider QRS complex, and there is no Q wave in 
the frontal plane. 

In heart disease patients (Wellens 1978; Josephson 
et al. 1979; Griffith et al. 1992; O'Donnell et al. 2003), the 
following characteristics are important: (i) The QRS 
morphology in heart disease patients compared with 
the QRS morphology in healthy subjects with VT is 
usually wider (20.16s), with more notches and 
a more symmetrical T wave (Figures 16.12-16.14). 
(ii) WTs originating in the left ventricular free wall 
show wider ORS complexes, whereas narrower QRS 
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Figure 16.9 (A) Place of origin of idiopathic ventricular tachycardia (VT) (see correlation number location in B). Some, such as the bundle 
branch (7) and the subepicardial (8) can be observed more often in heart disease cases. (B) ECG features of the most common of these VTs. 


complexes are indicative of VTs originating in the high 
septum. 

The ventricular tachycardias in heart disease patients 
may show the following QRS morphologies: 
e a prominent R wave in lead V1 and an “s” wave in lead 
V6 (RBBB morphology) (Figure 16.13); 
e an rS in lead V1 with evident R in V6 (LBBB morphol- 
ogy) (Figure 16.14); 
e concordance of the QRS complex patterns in precor- 
dial leads (all positive or all negative) (Figure 16.12); 
e presence of a QR morphology in different leads, seen 
in post-infarction VT (Wellens 1978); 
e Initial slurrings of QRS due to slow conduction delay in 
the VT of subepicardial origin because less Purkinje fibers 


are present, explains: a) pseudo-delta wave pattern; b) 
time of intrinsic deflection >85ms; c) distance from the 
onset of R to the nadir of S>120 ms (Berruezo 2004; Bazan 
2006; Valles 2010). 
e QS morphology in lead I, less often in inferior leads, is 
strongly suggestive of non ischemic CM of an epicardial 
origin, respectively, in the basal superior or inferior zone 
of LV (Bazan 2006, 2007). 
e presence in lead II of R wave peak time (distance from 
the beginning of QRS deflection to the point of first change 
in polarity, independent of whether the QRS is positive or 
negative) 250 ms (Pava et al. 2010). 

With regard to the P wave-QRS complex relationship, 
there is an AV dissociation in more than 60% of cases. 


Figure 16.10 An example of verapamil-sensitive 
ventricular tachycardia (VT). Note the morphology of 
right bundle branch block + superoanterior hemiblock 
(RBBB + SAH), but with qR morphology in V1. In the 
right panel it can be appreciated how the sinus 
tachycardia exceeds the VT rate during exercise 
testing. 
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Occasionally, atrial activity (with or without AV dissocia- 
tion) (Figure 16.13) may be observed as a notch in the 
repolarization of isolated PVCs or VTs. 

The presence of AV dissociation is critical in order to 
make a diagnosis of wide QRS complex tachycardias of 
ventricular origin. 

Frequently, the sinus impulse cannot depolarize the whole 
ventricular myocardium, which is only partially depolarized 
by the tachycardia impulse. In these cases the ventricular 
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fusion complex is non-premature, or only minimally 
premature, and its width and morphology are half way 
between the sinus and ectopic impulses (Figure 16.15). 

Atrial fibrillation in the Wolff-Parkinson-White 
(WPW) syndrome also shows intermediate morphology 
QRS complexes as a result of different degrees of pre- 
excitation, or even narrow complexes, such as capture 
complexes (see Figure 15.31) (see Chapter 15 AF in WPW 
syndrome versus VT). 
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Figure 16.12 The AQRS is deviated to the left in the frontal plane, similar to that observed in some cases of left bundle branch block (LBBB). 
However, all the QRS are negative in the horizontal plane (morphologic concordance in precordial leads), which is not observed in any 
type of bundle branch block, and this supports diagnosis of ventricular tachycardia (VT). 


| 
Poa 


Figure 16.13 Example of 
monomorphic sustained 
ventricular tachycardia (VT). An 
atrioventricular (AV) dissociation 
is shown with the use of a right 
intra-atrial lead (IAL) and the 
higher speed of ECG recording, 
allowing us to better see the 
presence of small changes in QRS 
that correspond to atrial activity 
(arrow). The morphologies of V1 


ECG diagnostic criteria: Differential diagnosis 

of wide ORS tachycardia 

ECG criteria with a higher positive predictive value 
(PPV) for the diagnosis of VT, as previously discussed are 
the following: 

e The presence of capture and/or fusion complexes 
(Figure 16.15). 
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(R) and V6 (rS) also support the 


ventricular origin. 


e The demonstration of AV dissociation (Figure 16.13). 
This occurs in 50-60% of cases. 

e Evidence of extremely deviated AQRS (between —90° 
and +180°). 

e Amarkedly wide QRS complex >140 ms in RBBB tachy- 
cardias, and >160ms in LBBB tachycardias. 
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Figure 16.14 A 75-year-old patient with ischemic heart disease. The baseline ECG (A) shows an advanced left bundle branch block (LBBB), 
with an extremely leftwards AQRS and poor progression of R wave from V1 to V4, with a notch in the ascending limb of the S wave, 
suggestive of an associated myocardial infarction. The patient suffered an episode of paroxysmal tachycardia at 135bpm, with advanced 
LBBB morphology (B). Despite the fact that the ECG pattern is of LBBB type and the patient presented with baseline LBBB, we diagnose 
ventricular tachycardia (VT) because of the following: (1) the R wave in V1 was, during the tachycardia, clearly higher than the R wave 

in V1 during sinus rhythm. Additionally, the bottom panel shows that, in the presence of sinus rhythm, the patient showed premature 
ventricular complexes (PVC) with the same morphology as those present during the tachycardia. The first and second PVC are late (in the 
PR), and after the second one, a repetitive form is observed; and (2) according to the Brugada algorithm (Figure 16.21), in some precordial 
leads featuring an RS morphology, this interval, measured from the initiation of the R wave to S wave nadir, is >100 ms. 


e The presence of morphologies that are incompatible 
with bundle branch block, for example when all QRS 
complexes are positive or negative in leads V1-V6 
(concordance of QRS) (Figure 16.12). 

e Determination of QRS complex morphology in leads 
VE, VR, V1, and V6 (Table 16.4) (high PPV). 

e Presence of R wave peak time in lead II >50ms (Pava 
et al. 2010) and presence of ECG criteria of VT of epicardial 


origin due to initial slurrings of QRS (see above ECG 
findings) (Berruezo 2004, Bazan 2006, Valles 2010). 

e Presence of QR or QS patern in other leads than VR 
(see Table 16.4). 


Sequential algorithms 
In 1991, Brugada described an algorithm incorporating 
the sequential use of many of the aforementioned criteria, 
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Figure 16.15 After a sinus complex, a ventricular tachycardia (VT) run lasting seven beats occurs. The Lewis diagram represents the 
complete atrioventricular (AV) dissociation. Between the fifth and sixth complexes of the VT, there is a typical ventricular capture (early 
QRS with the same morphology as the baseline rhythm). Afterwards, after a normal sinus stimulus (not early), there is a short VT run 
(three QRS complexes). The complex in the middle is a fusion complex, as it has a different morphology from the other two (narrower 
QRS and a less sharp T wave), and the RR interval is not modified (see Chapter 18:QRS of different morphologies). 


Table 16.4 Differential diagnosis between ventricular 
tachucardia and wide QRS aberrant supraventricular tachycardia 
with regular RR intervals (morphological criteria) 


In favor of ectopy: 
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1) In presence 


of wide QRS and 
BBB pattern 
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LBBB pattern 
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In favor of aberrancy: 


V1 AL cere. 
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VF: 
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RBBB pattern 
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LBBB pattern 


which allows for very specific (>95%) and sensitive 
(>95%) differential diagnosis. Figure 16.16 shows the 
steps for applying this algorithm and how to measure the 
RS interval (AB interval, see Figure 16.16). However, its 


application is not easy for the emergency physician or the 
clinical cardiologist because it is necessary to make an 
effort to learn how to use this algorithm step by step. 

The algorithm described by Brugada (1991) is not useful 
in the case of reentrant bundle branch VT (Figure 16.17) or 
for differentiating VT from wide QRS complex supraven- 
tricular tachycardia (SVT) in WPW syndrome (antidromic 
tachycardia) (Figure 16.18). In the latter case, Steurer’s 
sequential approach (Steurer et al. 1994) is sensitive enough 
and particularly specific. According to the author, the fol- 
lowing features are suggestive of ventricular tachycardia: 
(i) negative QRS complex in leads V4—V6, (ii) OR pattern 
in one of leads V2-V6, (iii) confirmation of AV dissocia- 
tion, (iv) AQRS complex <-60° and >+150°. Figure 16.18 
shows an example of antidromic SVT with an accessory 
AV pathway, which does not meet any of these criteria. 

Recently, a new algorithm has been described 
(Vereckei et al. 2008) based fundamentally on the infor- 
mation obtained from the VR lead, which features a 
slightly higher statistical potential. However, it is not 
valid for tachycardias with aberrant conduction involv- 
ing an accessory pathway or for reentrant bundle 
branch ventricular tachycardia. According to this algo- 
rithm the morphologies of VR suggestive of aberrancy 
are usually QS-type complexes with a rapid inscription 
in the first portion of the QRS complex, which some- 
times show an initial “r”. The remaining morphologies 
suggest VT, in particular the morphologies with or 
without initial R that has a slow inscription during the 
first 40 ms of the QRS (Table 16.4 see VR). 

The verification of whether the morphologies of 
wide ORS tachycardia are consistent with aberrant con- 
duction (Table 16.4) leads to a very high PPV, similar to 
that obtained through Brugada’s algorithm. Because this 
approach is actually the fourth step of Brugada’s algo- 
rithm, we think that the most practical method to make 
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Figure 16.16 Algorithm for the diagnosis of wide QRS tachycardia. When an RS complex is not visible in any precordial lead, we can make 
a diagnosis of ventricular tachycardia (VT). When an RS complex is present in one or more precordial leads, the longest RS interval should 
be measured (from start of the R wave to S wave nadir—see inside the figure). If the RS interval is greater than 100 ms, we can make a 
diagnosis of VT. If the interval is shorter, the next step is to check the presence of atrioventricular (AV) dissociation. If it is present, we can 
make a diagnosis of VT. If not present, the morphologic criteria for the differential diagnosis of VT should be checked in V1 and V6 leads. 
According to these, we will diagnose VT or supraventricular tachycardia (Reproduced with permission from Brugada et al. 1991). 
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Figure 16.18 A broad QRS tachycardia. This is an antidromic supraventricular tachycardia (SVT) over an accessory atrioventricular (AV) 
pathway (Kent bundle). The morphology is that of a left bundle branch block (LBBB), although the R wave is clearly visible in V3, which is 
not usual in antidromic tachycardias through an atriofascicular tract (atypical pre-excitation). Note the persistence of the Wolff-Parkinson- 
White (WPW) morphology once the tachycardia disappears. None of the criteria in favor of a VT in the differential diagnosis between VT 
and antidromic tachycardia are met (see Steurer et al. 1994 and Differential diagnosis of wide QRS complex tachycardias). All these data 
suggests that it is a typical antidromic tachycardia (bundle of Kent) with aberrant morphology. Remember that for this differential 


diagnosis, the algorithm criteria from Figure 16.21 do not apply. 


Figure 16.19 Taken from a 
48-year-old patient with dilated 
cardiomyopathy and left bundle 
branch block (LBBB) morphology 
in the baseline ECG (A). The 
patient suffered a paroxysmal 
tachycardia with a wide QRS very 
similar to the baseline one (B). 
The supraventricular origin was 
suggested by the fact that the 
QRS morphology in all leads (see 
especially V1) was identical to 


this differential diagnosis is to carefully follow this 
algorithm step by step, incorporating the ECG pattern 
of VR in the fourth step. 

Figure 16.19 shows a typical example of wide QRS tach- 
ycardia due to aberrant conduction. The diagnosis is sup- 
ported by a comparison between the QRS morphologies 
of a previous ECG in sinus rhythm, and the QRS mor- 


that present during sinus rhythm. 


phology of wide QRS tachycardia, which does not meet 
the abovementioned criteria. Figures 16.12 to 16.14 are 
clear examples of classical VT. 

However, it should be pointed out that the bundle 
branch reentrant VT (Figure 16.17) generally shows a 
LBBB morphology often with a QS pattern in V1 that 
makes the differential diagnosis of SVT with aberrant 
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Figure 16.20 The QRS of the tachycardia lasts 110 ms and features a right bundle block and superoanterior hemiblock (RBBB + SAH) 
morphology. However, the exclusive R wave in V1, and, above all, the presence of captures and fusions (bottom tracing), indicate that this 
is a narrow fascicular ventricular tachycardia (VT) arising from a zone close to the inferoposterior division. 


conduction more difficult. Sometimes the evidence of AV 
dissociation, if it is present, allows us to reach the correct 
diagnosis. Surface ECG recordings at high velocity (Figure 
16.13), as well as the potential future implementation 
of ECG devices with a T wave filter (see Chapter 25), may 
be helpful. 

In cases of diagnostic uncertainity, which rarely occurs 
following this approach, invasive electrophysiologic 
study (EPS) should be carried out. 


5 Clinical implications 

Sustained VT is a malignant arrhythmia that in many 
cases, especially in patients with heart diseases with acute 
ischemia, LV disfunction or inherited heart diseases, may 
trigger VF and sudden death. For all information related 
with this type and the clinical implications and therapeu- 
tic approaches of other types of VT, consult Bayés de Luna 
2011 and general references in page X. 


Other monomorphic ventricular tachycardias 
Narrow ORS complex ventricular tachycardias 
(fascicular tachycardias) (Hayes et al. 1991; Hallan 
and Scheinman 1996) (Figure 16.20) 
Narrow QRS complex VT are infrequent. They represent 
fewer than 5% of all VT cases. These tachycardias are 
characterized by a relatively narrow QRS complex 
(<0.12s), and they originate close to the high septum or 
the fascicular areas (right bundle branch, left bundle 
branch trunk, or their two divisions). 

The electrical impulse starts in the site of origin, usually 
by a reentry mechanism, and rapidly spreads through the 


His—Purkinje system. Narrow QRS complex ventricular 
tachycardias show partial RBBB morphology, if origi- 
nated in the left ventricle, with evidence of right or left 
AQRS deviation, depending on the site of origin (close to 
left superior and anterior division or inferior and posterior 
division, respectively). The cases of VT with partial RBBB 
patterns plus evidence of left AQRS extreme deviation are 
verapamil-sensitive. These VIs may have practically the 
same morphology, but with the QRS complex 20.12s. 

In cases of VT with narrow QRS, it is sometimes diffi- 
cult to make a differential diagnosis with SVT or atrial 
flutter with aberrancy when only using a surface ECG. 
The presence of capture and fusion complexes, and the 
evidence of AV dissociation are suggestive of a tachycar- 
dia of ventricular origin (Figure 16.22). However, some- 
times intracavitary electrocardiography is often necessary 
to reach the correct differential diagnosis. 

From a therapeutic point of view, the most reasonable 
and wise option is to treat narrow QRS ventricular 
tachycardia as a classical wide QRS sustained VT. 


Idioventricular accelerated rhythm (IVAR) 

(Figures 16.21 and 16.22) 

This is a ventricular rhythm originating in an automatic 
ectopic focus with a slightly decreased discharge rate 
(~80-100 bpm). Unless heart rate is more than 100bpm, 
we should not speak of true ventricular tachycardia. The 
occurrence of an idioventricular accelerated rhythm 
during reperfusion is particularly due to increased 
automatism in the His—Purkinje system. The ectopic 
focus is visible only when the sinus heart rate has a 
rate below its discharge rate. This explains the frequent 
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fusion beats that appear, especially at the onset and 
at the end of the runs (Figure 16.21A). In fact, some cases 
of suspected slow parasystolic ventricular tachycardia 
correspond to IVAR (see later). 

The IVAR is not a true ventricular tachycardia because 
the rate is below 100bpm. It appears as an escape but 
accelerated ventricular rhythm, when the sinus rhythm 
slows down its rate. Because of this, fusion beats are very 
frequent (see above) (Figures 16.21 and 16.22). 


Figure 16.21 (A) Example of different 
fusion degrees (F) in the presence 

of an accelerated idioventricular 
rhythm (about 100 bpm) (B) Late 
trigeminal PVCs in the PR interval 
showing progressive fusion degrees 
from C to E. 


Figure 16.22 Example of an 
accelerated idioventricular 
rhythm (90bpm) after 
fibrinolytic treatment in a 
patient with ST elevation 
myocardial infarction (STEMI). 


Figure. 16.23 Taken from a 
66-year-old man with ischemic 
heart disease. The tracings are 
successive. Self-limited runs 
of ventricular tachycardia (VT) 
with fast rate and incessant 
rates can be observed, until 

a sustained VT is initiated. 


The impulse that initiates the IVAR features a long 
coupling interval, which is similar to baseline RR interval. 
Therefore, there are no different coupling intervals of the 
first PVCs of the ventricular tachycardia runs, as happens 
in runs of true parasystolic ventricular tachycardia. 

The IVAR usually shows the same ventricular discharge 
rate. However, occasionally, it may vary in different 
episodes. Thus, the same focus may, in rare cases, present 
as a true VT, and in these cases, a treatment similar to that 
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Figure 16.24 (A and B) Two strips from a patient with irregular runs of ventricular tachycardia (VT) of parasystolic origin. The ECG 
characteristics of parasystolic VT may be seen: (1) different coupling intervals of the first premature ventricular complex (PVC) of each run, 
(2) the presence of fusion complexes, and (3) the possible explanation of irregular rhythm due to different grades of exit block of the 
parasystolic ectopic focus (Adapted with permission from Koulizakis et al. 1990). 


applied to classical sustained monomorphic VT may be 
necessary. 


Repeated non-sustained monomorphic 

ventricular tachycardia 

Frequent VT runs and, in particular, the incessant types 
(repeated non-sustained ventricular tachycardia) may 
cause significant hemodynamic compromise (tachymyo- 
cardiopathy), particularly when the ventricular rate is 
high, and finally may trigger sustained ventricular tachy- 
cardia (Figure 16.23). 


Parasystolic ventricular tachycardia (Chung et al. 
1965; Touboul et al. 1967; Roelandt and 
Schamroth 1971) (Figure 16.24) 
Parasystolic VTs are very infrequent arrhythmias that 
originate in an automatic focus protected from depolari- 
zation by a normal impulse (entrance block). Some of 
published cases correspond to IVAR (see above). 

The following ECG findings are suggestive of typical 
VTs of parasystolic origin: 
e The PVC, which initiate the VT runs, show a variable 
coupling interval and meet all criteria of parasystole. 
e Although the discharge rate of parasystolic VT is 
relatively fixed as we have stated before, different degrees 
of exit block may explain the presence of irregular RR 
intervals, and also the presence of fusion and capture 
complexes. 

Figure 16.24 shows an example of irregular ventricular 
tachycardia runs due to parasystolic ectopic focus at 


140bpm with different degrees of exit block that explain 
the irregularity of ventricular rates. This case meets the 
criteria of parasystolic VT runs: (i) different coupling 
intervals of the first PVC, and (ii) presence of fusion beats. 
Irregular RR intervals may be explained by different 
grades of exit block. 


Polymorphic ventricular tachycardia 

(Table 16.2) 

This includes the “Torsades des pointes VT” the pleomor- 
phism, the bidirectional VT, and the catecholaminergic 
polymorphic VT. 


Torsades de pointes “VT” 

There are two different types of torsades de pointes poly- 
morphic VT: the classical VT (Dessertene 1966) and the 
familiar polymorphic VT, which features a short coupling 
interval and lacks a long QT interval (Leenhardt et al. 1994). 


Classical torsades de pointes ventricular 
tachycardia (Figure 16.25) 
This is the most typical and interesting type due to its 
prognostic and therapeutic implications. The characteris- 
tic torsades de pointes morphology may be related to a 
counterclockwise rotation of the wave front along the 
whole ventricular cavity. 

Torsades de pointes VT occurs in runs of variable dura- 
tion (from a few beats to 2100 beats). The QRS is charac- 
teristically not monomorphic, and cyclical changes 
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Figure 16.25 Arun from a typical torsades de pointes ventricular tachycardia (VT). Taken from a patient with long QT syndrome. Note the 
typical pattern that is particularly evident in some leads (III, VF, and VL). 


Torsades de Pointes VT 


Monomorphic VT 


Figure 16.26 Characteristic morphologies 
i a a of a run of a torsades de pointes ventricular 
L — QT Cl tachycardia (VT) and of a classic monomorphic 
QT Cl 


characterized by a pattern of twisting points (Dessertene 
1966) are observed. However, this characteristic twisting 
morphology is not evident in all ECG leads. The baseline 
ECG has a long QT interval and the first QRS of the ven- 
tricular tachycardia has a long coupling interval, but, 
due to long QT, the PVCs usually fall close to the peak of 
the T (or T+U ) wave. Figure 16.26 shows the differences 
between a classical sustained ventricular tachycardia and 
a torsades de pointes ventricular tachycardia. 

The most important premonitory ECG signs of a 
torsades de pointes/VF episode are: (i) QTc interval 
>500ms, (ii) T-U wave distortion that becomes more 
apparent in the QRS-T filter after one pause, (iii) visible 
macroscopic T wave alternans, and (iv) the presence of 
evident bradyarrhythmia (sick sinus syndrome or AV 
block). It is probable that all these ECG signs induce tor- 
sades de pointes VF due to genetic predisposition, espe- 
cially in the presence of ionic imbalance and/or the 


VT. CL: coupling interval. 


administration of some drugs (Chevalier et al. 2007; Drew 
et al. 2010). 


Pleomorphic VT 
Occasionally sustained ventricular tachycardia may alter- 
nate morphologies (pleomorphism) such as RBBB and 
LBBB (Josephson et al. 1979). These changes may be grad- 
ual or abrupt, and occur over long or short periods of 
time. They are usually associated with changes in cycle 
length. Morphologies are considered to be different when 
they have different patterns (i.e. an advanced RBBB or 
LBBB), or when the AQRS deviation changes 245°, even if 
the bundle branch block pattern is unchanged. These 
changes in the morphology usually occur after the admin- 
istration of certain pharmaceutical agents, and coincide 
with changes in the vT rate (proarrhythmic effect). 

Often, in a conventional ECG recording we will proba- 
bly not see more than one morphology with a regular 
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Figure 16.27 Patient with frequent PVCs during psycological stress test. A and D, onset and end of the test. B and C appearence of different 
types of polymorphous PVCs with clear evidences of runs of BVT, that is seen enlarged in E. 


rhythm. In this case, it would not be possible to differentiate 
from classical ventricular tachycardia. Therefore, if we 
rely too much on one ventricular tachycardia morphology 
at a certain time point, we may sometimes misdiagnose 
the exact place of origin. 


Bidirectional ventricular tachycardia 

(Figure 16.27) 

Bidirectional tachycardias are infrequent and may be of 
supraventricular (BSVT) or ventricular (BVT) origin. 

The mechanism of BVT is probably delayed afterd- 
epolarization related to excess digitalis intake, ionic 
imbalance, and catecholamine levels. Recently with a 
two-dimensional anatomic model of the rabbit ventricles, 
Baher (2011) suggested that the full spectrum of arrhyth- 
mias associated with bidirectional VT can be accounted for 
based on the properties of DAD triggered arrhythmias. 

From an ECG point of view (Richter and Brugada 2009), 
the frontal plane axis (AQRS) shows alternative changes 
of up to approximately 180°, and the RR intervals are usu- 
ally equal but sometimes show a bigeminal-like pattern 
(long-short-long) 

From the differential diagnosis point of view, the 
alternans wide QRS morphology compatible with an 
alternating bifascicular block is very suggestive of 
supraventricular origin (Rosenbaum et al. 1969). In 
contrast, evidence of AV dissociation supports a diagnosis 
of ventricular origin (BVT). 


Differential diagnosis of bidirectional tachycardias 
must also be performed with changes of 2x1 type QRS 
morphology, including all cases of true QRS alternans (see 
Chapter 18) such as: (i) the QRS alternans in AVRT (see 
Figure 15.12), and (ii) the cyclical changes in the QRS 
complex voltage in sinus rhythm as observed in cardiac 
tamponade (see Figure 18.4A). 

Other cases in sinus rhythm that have alternatively 
(2x1) different QRS morphologies, such as ventricular 
bigeminy with late extrasystoles (in the PR interval), 
alternans pre-excitation in WPW syndrome, and alter- 
nans bundle branch block QRS complexes (2 x 1), are con- 
sidered cases of pseudoalternans (see Table 18.1). 


Catecholaminergic polymorphic ventricular 
tachycardia (Leenhardt et al. 1995) 

(Figure 16.28) 

Catecholaminergic polymorphic ventricular tachycardia 
is an infrequent form of polymorphic ventricular tachy- 
cardia, particularly occurring in young patients with a 
structurally normal heart. It is usually triggered by exer- 
cise, and recent studies have pointed out a genetic origin 
(Priori et al. 2001). It may be associated with different 
active and passive arrhythmias. As already stated, cat- 
echolaminergic polymorphic ventricular tachycardias are 
preceded by various exercise-induced ventricular and 
supraventricular arrhythmias, usually including bidirec- 
tional ventricular tachycardias. 
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Figure 16.28 Holter recording during a syncope showing a polymorphic ventricular tachycardia, ventricular fibrillation-like, with a 
spontaneous conversion in transient sinoatrial block with post-critical repolarization changes and then a sinus tachycardia, polymorphic 
ventricular premature beats, and another episode of polymorphic ventricular tachycardia (30s) (Reproduced with permission from 


Leenhardt et al. 1995). 
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Figure 16.29 Ventricular flutter in a patient with an implantable cardioverter defibrillator (ICD). The discharge from the defibrillator 


terminates the arrhythmia. 


Ventricular flutter 


Concept and mechanism 

Ventricular rate is very fast (around 300 bpm) and regular 
(RR variability 230 ms). It is triggered by a PVC that is 
usually extrasystolic (exceptionally parasystolic, see 


Bayés de Luna 2011), and maintained by a reentry circuit 
large enough to generate waves, which may trigger very 
fast yet organized QRS complexes that feature a morpho- 
logic pattern. Ventricular flutter is a very fast ventricular 
tachycardia in which the isoelectric space between the 
QRS complexes is barely observed. Usually, a very quick 
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Figure 16.30 (A) Very fast ventricular rhythm of intermediate characteristics between ventricular tachycardia (VT) (it is too fast) and 
ventricular flutter (typical QRS do not appear in this lead), which quickly turns into ventricular fibrillation (VF). (B, C, and D) Different 
types of VF waves. (B) A patient with an acute myocardial infarction and frequent, polymorphic, and repetitive PVC, which triggered a 
ventricular fibrillation (VF) (arrow) that was terminated by cardioversion. 


ventricular flutter triggers ventricular fibrillation unless it 
is terminated by cardioversion in CCU or by implantable 
cardioverter defibrillator (ICD) discharge (Figure 16.29). 
Very infrequently it is self-limited. 


ECG presentation 

Ventricular flutter is characterized by the presence of QRS 
complexes of the same morphology and voltage, with no 
isoelectric baseline between them and no visible T waves. 
Therefore, it is no clear separation between the QRS com- 
plex and the ST-T segment (Figure 16.29). The ascending 
limb is the same as the descending limb. For this reason, 
the ECG looks similar when viewed upside down. The 
ventricular rate is usually 250-300 bpm. 

Frequently, it appears that after a few complexes of fast 
ventricular tachycardia, they become ventricular flutter 
complexes. 

Occasionally, some ventricular tachycardias show a 
ORS complex without an evident repolarization wave, at 
least in some deviations. However, the ventricular rate 
does not reach 250bpm. 

Nevertheless, there are borderline situations between 
ventricular tachycardia and ventricular flutter, and 
ventricular flutter and fibrillation, as in the case of atrial 
fibrillation and atrial flutter (Figure 16.30A). 

Ventricular flutter may sometimes be confused with 
atrial flutter 1x1 with pre-excitation or with bundle 
branch block aberrancy (Figures 15.40 and 15.41). 


Ventricular fibrillation 


Concept 

Ventricular fibrillation (VF) is a very fast (>300bpm) 
and irregular rhythm, which does not generate effective 
mechanical activity and leads to cardiac arrest and death 
in a short period of time unless the patient has an ICD 


implanted or is resuscitated in a few seconds (Figures 
12.9C, 16.23, and 16.30). Exceptional cases of self-limiting 
ventricularfibrillation have been described (Dubner 
et al. 1983; Castro Arias et al. 2009). The VF presents signifi- 
cant, cycle length (RR), morphology, and wave amplitude 
variability (Figure 16.30). 

Ventricular fibrillation is triggered by an isolated or 
repetitive PVC that is usually extrasystolic (Bayés de Luna 
2011) (Figures 16.31 and 16.32), although exceptionally it 
may be triggered by a parasystolic PVC (Itoh et al. 1996; 
Bayés de Luna 2011). It is maintained as a result of repeti- 
tive micro-reentries—a mechanism similar to that seen in 
atrial fibrillation. Recently, it has been suggested that it 
may be caused by a spiral wave (rotor) that becomes 
unstable (see Figure 14.15D) and starts chaotic and fibril- 
latory conduction (Figure 16.33). 


ECG presentation (Figure 16.30) 

The ECG shows irregular, high-rate (300-500 bpm) QRS 
complexes of variable morphology and height, where 
ORS and ST-T are undistinguishable. When the waves 
of VF are relatively broad, recovery prognosis after 
electric CV is better than when they are slow and not 
very high VF. 


Clinical implications 

The greatest significance of ventricular fibrillation stems 
from the fact that it is the final arrhythmia that in many 
cases leads to sudden death. It usually appears in cases of 
ischemic heart disease and is present in 80-90% of cases 
of sudden death due to ventricular fibrillation. However, 
as we will see in Chapter 20 (Figure 20.2) in only around 
50% of cases is acute ischemia the trigger of VF, usually 
with an isolated or repetitive PVC (Figure 16.31 and 
16.32). Outside acute ischemia, VF is triggered by a 
sustained VF (Figure 16.34A) often due to reentry around 
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Figure 16.31 A patient with an acute myocardial infarction and frequent, polymorphic, and repetitive PVC, which triggered a ventricular 


fibrillation (VF) (arrow) that was terminated by cardioversion. 
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Figure 16.32 Patient with an acute infarction. An isolated premature ventricular complex (PVC) triggers directly a ventricular fibrillation 
(VF) that ceases after a few seconds (bottom strip) after an electrical cardioversion. 
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Figure 16.33 Here we see how a spiral wave (rotor) (A) is disrupted and turned into a meandering (B), and later increasingly chaotic 
conduction until it completely breaks up, resulting in a fibrillatory conduction (C and D). 


the myocardial scar (Bayés de Luna et al. 1989). VF 
outside ischemia usually appears in patients with heart 
failure or inherited heart diseases (Bayés de Luna 2011). 
Figure 16.35 shows which are the triggering and mod- 
ulating factors that act on a vulnerable myocardium and 
trigger primary ventricular fibrillation or ventricular 


tachycardia leading to ventricular fibrillation. Obvously, 
given that ventricular fibrillation is the most important 
mechanism of sudden death in these situations, it is 
necessary to fight against all these factors (for further 
information see Bayés de Luna 2011 and references 
therein) (p. XII). 


Active Ventricular Arrhythmias 


4 LYS.. 

OTe a on ee i fal a | Nn 
| AN 

Ay 

Y AAN 

B 


860 1120 


A fi Nal J af N 
aan AAA ari ww AMAY 
nn VVA WVV y Vw VY 


Figure 16.34 (A) Ambulatory sudden death due to a ventricular fibrillation (VF) in an ischemic heart disease patient treated with 
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amiodarone for frequent premature ventricular complexes (PVCs). At 9:02 a.m. he presented with a monomorphic sustained ventricular 
tachycardia (VT), followed by a VF at 9:04 a.m. after an increase in VT rate and width of QRS complex. (B) Ambulatory sudden death due 
to a primary VF triggered by a PVC with a short coupling interval, after a post-PVC pause (1120ms) longer than the previous one (860 ms). 


Note that the sequence of events started with an atrial premature complex, which caused the first shorter pause. 


VF cascade 


Triggering Vulnerable Final 
and modulating |——————-> z — > — > 
factor myocardium stage 
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— Ischemia 

ae imbalance — Electrical instability 
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Figure 16.35 Diagram of the precursors of — Autonomic nervous >| _ LVH >| _ Supraventricular 
ventricular fibrillation (VF). A triggering factor system — Fibrosis tachycardia 
acts on vulnerable myocardium and provokes E i etC Marker -= etc. 
the cascade of events leading to VF. 
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Chapter 17 


Passive Arrhythmias 


This chapter will describe the most important ECG 
characteristics of the different passive arrhythmias 
according to the classification in Table 14.1. 


Escape complex and escape rhythm 


Concept and mechanism 

When the heart rate is slow as a result of depressed sinus 
automaticity, sinoatrial block, or atrioventricular (AV) 
block, an AV junction pacemaker at a normal discharge rate 
(40-50 bpm) may pace the electrical activity of the heart by 
delivering one or more pacing stimuli (escape beat or com- 
plex and escape rhythm) (Figures 17.1-17.5). If the AV junc- 
tion shows depressed automaticity, an idioventricular 
rhythm at a slower rate (<30bpm) would command the 
heart's activity. If the atrial rhythm is atrial fibrillation (AF), 
the escape rhythm is regular (Figure 17.2) and this is the 
demonstration of AV dissociation. This never occurs in the 
presence of atrial fibrillation with normal AV conduction. If 
the atrial rhythm is atrial flutter, a diagnosis of escape 
rhythm will be reached based on the slow and regular 
RR intervals observed, with a variable flutter wave-QRS 
complex interval (FR interval) (Figure 17.4). 


ECG findings 

In the ECG, the escape complex is recorded as a delayed 
ORS complex not preceded by a P wave or the preceding 
P wave has a PR interval <0.12s (Figure 17.1A). In the ECG 
the escape rhythm is identified as a sequence of dissociated 
escape ORS complexes (Figures 17.1-17.3), which may be 
interrupted by sinus captures (Figure 17.1B) that some- 
times appear as bigeminal complexes. In this case, adiffer- 
ential diagnosis of bigeminy should be made (Figures 
17.1B and 18.6]). The escape rhythm may show retro- 
grade conduction to the atria that is usually slower than 
the anterograde to the ventricles (Figures 17.1C and 24.1). 
Sometimes a progressively slower escape rhythm precedes 
the asystole (Figure 17.5). 


The QRS complex is narrow when the escape focus is in 
the AV junction (Figure 17.1). Conversely, when the escape 
focus originates from the ventricle or from the AV junc- 
tion but bundle branch block or phase 4 aberrancy exists, 
the resulting ORS complex is wide. 

The occurrence of AV junctional escape rhythm or 
escape complexes at their usual discharge rates should 
not be considered pathologic, as this is usually observed 
in athletes or in subjects with increased vagal tone. In fact, 
it warrants protection against a slow rhythm. Frequently, 
if there is no depression of the AV junction automaticity, 
the implantation of pacemakers would be neither urgent 
nor most likely necessary. Obviously, pacemaker implan- 
tation is urgent if the slow heart rate is due to a depressed 
AV junctional or ventricular rhythm. 

When the AV junction automaticity is very slow or an 
infrahisian AV block exists, the heart may be controlled by 
a slow ventricular pacemaker (Figure 17.3). 


Sinus bradycardia due to sinus 
automaticity depression 
(Figures 17.7 and 17.8) 


Concept and mechanism 

The sinus discharge rate is lower than 60 bpm. The follow- 
ing are the mechanisms explaining sinus automaticity 
depression (see Figures 14.7 and 14.8): (i) decrease of the 
slope of phase 4 partly due to the inactivation of the 
diastolic inward current (I); (ii) a threshold potential 
nearer to zero; and (iii) a more negative transmembrane 
diastolic potential (TDP). 

Exercise, emotions, and so forth induce a progressive 
acceleration of the sinus heart rate, which also shows a 
progressive deceleration when these physiologic stimuli 
disappear. The sinus node is considered to be pathologically 
altered when these physiologic changes do not take place. 

Frequently, daytime sinus tachycardia alternates with 
occasional very slow bradycardia during the night, 
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Figure 17.1 (A) A52-year-old patient A 
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with bradycardia—tachycardia syndrome. 
The AB distance is half the BC distance, 


indicative of a probable 2 x 1 sinoatrial V 


block. In C, a P wave is initiated, which 

cannot be conducted because an escape B 
atrioventricular (AV) junctional complex 

takes place shortly after (third QRS 


complex). (B) An example of incomplete 
AV dissociation with slow escape rhythm 


(first, third, fifth, and sixth complexes) J 


and sinus captures (second and fourth 
complexes). After the two last ORS 


complexes, we observe how the P waves 
are not conducted because they are closer c 


to the QRS complex than the two first Vi 


P waves, therefore falling in the junctional 
refractory period. (C) AV junctional 
rhythm at 64bpm with retrograde 
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conduction to the atria slower than the A 
anterograde conduction to the ventricles 
(see the negative P wave following each V 


QRS complex). 


Figure 17.2 (A) Lead II: Regular RR intervals in the 
presence of underlying atrial fibrillation with narrow 
QRS complexes. This is indicative of a junctional 
ectopic rhythm dissociated from the atrial rhythm 
(atrial fibrillation). See the amplified F waves in the 
right atrial electrogram (RAE), and how in the His 
bundle (HB) recording H deflection precedes the 
narrow ventricular complexes with HV = 45ms 

(see B), confirming it is a junctional atrioventricular 
(AV) block proximal to the bundle of His. 
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particularly in young athletes, and also a first-degree or 
even second-degree AV block may even occur at the same 
time, if right vagal (sinus node) and left vagal (AV node) 
overdrive exist (Figure 17.6) (see later). 


ECG findings 
Sinus automaticity depression is manifest by a slow sinus 
rhythm, which in young athletes or in patients with vagal 


predominance may even be less than 30 bpm (Bjeregaard 
1983) (Figure 17.7). The sinus discharge rate is not fixed, 
particularly in children. All this is especially evident in 
the presence of sinus bradycardia. In adults, this variabil- 
ity from one cycle to another is usually less than 10-20%. 
Sinus arrhythmia may be diagnosed (Figure 17.7B,C) 
when RR interval variability from one cycle to another is 
greater than 20%. The sinus arrhythmia is considered to 
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Figure 17.3 Twelve-lead surface ECG in a patient with complete atrioventricular (AV) block (complete dissociated P-QRS relationships), 
with a somewhat wide (120 ms) QRS complex and a very slow escape rhythm, leading to urgent pacemaker implantation. 


Figure 17.4 Atrial flutter with regular RR at 46bpm and varying FR distances (see bottom) confirming an atrioventricular (AV) 
dissociation. This patient suffered from atrial flutter dissociated by AV block of a junctional escape rhythm. 
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Figure 17.5 A 68-year-old patient who presented with sudden death four days after suffering an acute myocardial infarction. In the ECG 
Holter recording we observe quick progressive automaticity depression with occurrence of a slow escape rhythm leading to cardiac arrest, 
probably because of an electromechanical dissociation due to cardiac rupture. 
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Figure 17.6 A 25-year-old athlete without significant bradycardia with clear ECG signs of sympathetic overdrive during the day (top) and 
frequent atrioventricular (AV) Wenckebach episodes at night due to the preferential involvement of the left vagus nerve (below). 


Figure 17.7 (A) Significant sinus 
automaticity depression. Holter ECG 
recording (athlete) during sleep 
showing bradycardia <30bpm. Note 
that the PR interval is normal as the 
left vagus nerve is not involved. (B) A 
similar example with a heart rate 
<40 bpm and somewhat irregular, in 
a healthy young person. (C) Another 
example of sinus bradycardia in a 
healthy young person with 
significant RR irregularity. 
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Figure 17.8 (A) Atrial flutter with variable atrioventricular (AV) conduction accounting for the irregular RR and the varying FR. (B) Two 
continuous strips in sinus rhythm with frequent concealed atrial extrasystoles (notch in T wave ascending limb, see arrow), which give the 
impression that the basal rhythm, which is already slow, is much more bradycardic. 


be mild when the change from one cycle to another is 
<50%, moderate when the change is between 50% and 
100%, and severe if it is over 100%. 

Sinus bradycardia is often observed with a normal 
PR interval (Figure 17.7). Sinus bradycardia and different 
degrees of AV block are present when a predominant vagal 
overdrive affects both the right vagus nerve (sinus node) 
and the left vagus nerve (AV node) (see above) (Figure 17.6). 

Finally, it should always be taken into account that a 
slow sinus rhythm may rarely be explained by the pres- 
ence of concealed atrial bigeminy (Figures 17.8 and 
18.1). It is quite important to consider this possibility 
and try to identify the small P’ wave deflection at the T 
wave (Figure 17.8) or close to the end of the T wave, 
which may be confused with the U wave (Figure 18.1) 
(arrow), as in these cases the therapeutic approach is 
quite different to that of a slow rhythm due to a sinus 
bradycardia. 


Sinoatrial block 


Concept and mechanism 

If the sinus stimulus reaches the atria but with delay, a 
first-degree sinoatrial block is observed, although the AV 
relation (P wave-QRS complex) is not altered. This is not 
the case in third-degree sinoatrial block, where an AV 
junctional rhythm is the dominant pacemaker. Finally, the 
second-degree sinoatrial block may be of Mobitz- or 
Wenckebach-type, similar to the second-degree blocks of 
the AV junction (see Figures 14.19 and 17.9). 


ECG findings 
First-degree sinoatrial block 
This cannot be detected by conventional ECG. 


Second-degree sinoatrial block 

In the presence of an intermittent-type 2 x 1 second- 
degree sinoatrial block, the ventricular rate is half the 
sinus rate (BC = 2 AB in Figure 14.19C). If the type 2 x 1 
second-degree block is fixed, the ECG recording will be 
similar to that of a sinus bradycardia due to automaticity 
depression. If the 2 x 1 block disappears with exercise, 
an abrupt increase of the heart rate, usually more than 
double due to increase in sinus rate, may be observed. 

Second-degree sinoatrial block (Wenckebach-type) 
may also be observed. Usually, this presents as a 3 x 2 
(Figure 18.6E) or 4 x 3 block (Figures 14.19B and 17.9). 
Figure 17.9 explains why in the second-degree sinoatrial 
block (Wenckebach-type), the RR interval progressively 
shortens. The block increase is gradually less until the 
complete block initiates a pause. This type of block does 
not modify the PR interval because the block is at 
sinoatrial level. 

From an electrocardiographic point of view, the 3 x 2 
sinoatrial Wenckebach block shows a sequence and ECG 
characteristics similar to those of atrial bigeminy due to 
premature parasinus atrial impulses (P’ wave is identical 
or almost identical to the sinus P waves). Figure 17.10 
explains the key steps for this differential diagnosis (Bayés 
de Luna et al. 1991). 


Third-degree (complete) sinoatrial block 

No atrial depolarization due to sinus stimuli is observed. 
Therefore, the ECG recording shows an AV junctional or 
ventricular escape rhythm (see Figure 14.19D). 


Atrial block 


We have discussed all the aspects related to the block at 
atrial level in Chapter 9. 
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Figure 17.9 Second.degree Wenckebach-type sinoatrial block (4 x 3). The sinoatrial conduction time progressively increases from normality 
(80 ms) (from A to onset of first P wave) until a complete block occurs (D not followed by a P wave). The distance between the first two RRs 
(930 ms) is greater than the distance between the second and third RRs (880 ms). Sinoatrial conduction cannot be determined. Theoretically, 
A, B,C, D, and E represent the origin of the sinus impulses. A-B, B-C, C-D, and D-E distances are the sinus cadence (870 ms). In addition, 
assuming that the first sinoatrial conduction time in the sequence is 80ms (distance from the arrow to A), the successive increases observed 
in the sinoatrial conduction (80+60 = 140 and 140 +10 = 150) account for the shortening of RR and explain the following pause. Therefore, 
it is confirmed that the more significant increase in the Wenckebach-type block (a sinoatrial block in this case) occurs in the first cycle of 
each sequence, following a pause (1-2 > 2-3). PR intervals do not change. The second RR interval is 50ms shorter than the first (930 vs. 

880 ms), as this is the difference between the sinoatrial conduction increases of the first and second cycles. In fact, the first RR is 870 +60 = 
930 ms, while the second cycle is 930 — 60 +10 = 880 ms. 


A 
SN 
SAJ : = l S = 
A 
AVJ 
A eee ee ee ee 
B 
A B c D E F G 
SB x 
SAJ 
A 
AVJ 
V 


Figure 17.10 Differential diagnosis (Lewis diagrams) between 3 x 2 sinoatrial block and atrial parasinus bigeminy with very similar 

or identical P’ waves, and a virtually identical ECG pattern. Above (A): After three sinus impulses conducted to the atria, in D a 3 x 2 
sinoatrial block sequence starts. Below (B): Two sequences of atrial bigeminy followed by normal rhythm. In the first case (3 x 2 sinoatrial 
block), AB and BC intervals correspond to the baseline rhythm, which is very similar to the shortest RR interval of coupled bigeminal 
rhythm (DE and FG distances). Conversely, in cases of atrial parasinus bigeminy, the basal rhythm (EF and FG intervals) is very similar to 
the longest pause observed in the bigeminal rhythm (BC and DE distances) (below). Therefore, in the presence of a bigeminal rhythm with 
previous basal RR intervals with the same P, PR, and QRS, the diagnosis of a 3 x 2 sinoatrial block is supported by the fact that the regular 
RR intervals are very similar to the shortest RR interval corresponding to the bigeminal rhythm. On the other hand, if the regular RR 
intervals are similar to the longest RR interval of the bigeminal rhythm, it is most likely an atrial parasinus bigeminy. 


Atrioventricular block and third-degree blocks (see Chapter 14, Heart block). 
The etiology is due to a degenerative, infection, inflama- 
Concept and mechanism tory or ischemic process of the AV junction. In rare cases 


Conduction block is observed in the AV junction. As in may be congenital (see Chapter 24, Advanced AV block). 
other types of heart block, we shall refer to first-, second-, The exact location of the block (suprahisian, hisian, or 
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Figure 17.11 First-degree atrioventricular (AV) block (PR 0.32s). 
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Figure 17.12 (A) Second-degree type I atrioventricular (AV) block (see Wenckebach phenomenon). (B) Paroxysmal second-degree AV block 
(Mobitz II type). Note the six blocked P waves without a prior increase of the PR interval. The first QRS complex following the pause is an 
escape QRS complex as it feature a very long PR interval. The last two P waves are conducted. (C) Second-degree 2 x 1 AV block. 


deflection coincides with the onset of the P wave. (B) Pre-hisian second-degree 2 x 1 atrioventricular (AV) block. The stimulus is blocked after 
the A deflection and before the H deflection as this is not recorded in the bundle of His lead (EHH). (C) Post-hisian second degree 2 x 1 block. 
The P wave is blocked after the deflection of the His bundle. (D) Intrahisian second-degree AV block. Note the split H deflection in the first 
complex (but with AV conduction), followed by a block after the H deflection. Later, an escape complex is observed, preceded by the second 
deflection of the His bundle. Finally, there is a block after the first His deflection. 


Passive Arrhythmias 361 


<cprb 


: 


Figure 17.14 Third-degree or advanced atrioventricular (AV) block. A complete AV dissociation is observed. 
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Figure 17.15 (A) Congenital atrioventricular (AV) block with clear AV dissociation in a 20-year-old patient. P waves are independent from 
QRS complexes, with an escape rate >60bpm. Note the high and sharp T waves. (B) During exercise there is still AV dissociation, although 
the sinus heart rate is >130 x’ (see P-P) and the accelerated escape rhythm is over 100 x’. This is a clear example of congenital AV block not 


yet requiring pacemaker implantation. 


infrahisian block) is accurately determined only by 
intracavitary studies (see later; Figure 17.13). However, 
the presence of a narrow QRS complex escape rhythm 
and a second-degree Wenckebach-type AV block suggests 
that the block is located in the AV junction, whereas the 
presence of a wide QRS complex favors evidence of a 
block below the bundle of His. 


ECG findings 
We will discuss below the key diagnostic criteria of the 
different AV blocks that may be found in a surface ECG. 


First-degree atrioventricular block 

A first-degree AV block occurs when the PR interval is 
greater than 0.18s in children, 0.20s in adults, and 0.22s in 
elderly patients (Figures 14.20A and 17.11). 


Second-degree atrioventricular block 

One or more P waves are not conducted to the ventricles 
despite being beyond the physiologic AV junctional refrac- 
tory period (Figure 14.20B,C). Second-degree AV block 
may be of a Wenckebach type, (also known as Mobitz I), or 
of a Mobitz-type block (Mobitz II). In the Wenckebach- 
type AV block (Figure 17.12A), the progressive shortening 
of the RR interval is due to a progressive reduction of the 
AV block increase (180ms-—260ms-300ms) until a com- 


plete AV block is reached. The latter initiates a pause that 
is longer than any other RR interval. Therefore, a 
Wenckebach-type AV block is characterized by: (i) a 
progressive lengthening of the PR interval, starting from 
the first PR interval after the pause; (ii) the most signifi- 
cant increase being observed in the second PR interval 
after the pause (Figures 14.20B and 17.12A); and (iii) the 
pause being a longest RR interval. However, for different 
reasons, these rules are not always followed. Figure 14.21E 
shows two forms of atypical Wenckebach-type AV block 
(see legend). 

In the second-degree AV block of Mobitz II type, the 
AV block and consequent pause occur abruptly without 
previous progressive lengthening of the PR interval. As a 
result, one or several P waves may be blocked (paroxys- 
mal AV block) (Figures 14.20C and 17.12B). The second- 
degree 2 x 1 AV block (one out of two P waves is blocked) 
may be explained by both Mobitz I and Mobitz I-type 
blocks (Figure 17.12C). 

On rare occasions, in the presence of a 2 x 1 block in the 
AV junction (high part), the Wenckebach phenomenon 
may arise from the conducted P waves themselves occur- 
ring in the lower part of the AV junction (alternating 
Wenckebach phenomenon) (Halpern et al. 1973; Amat y 
Leon et al. 1975). Figure 14.20F shows an example of this 
odd electrophysiologic phenomenon. 
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Third-degree atrioventricular block 
In this type of block a complete dissociation between the 
P waves and the ORS complexes exists, thus it is frequently 
named complete AV block (Figures 14.20D, 17.3, and 
17.14). The escape rhythm is slow (usually less than 
45 bpm), except in some patients with congenital AV block 
(Figure 17.15), and it is almost always lower than the 
sinus rate. When the escape ventricular rhythm is greater 
than the sinus rhythm, we cannot be sure that the AV 
block is complete, as some P waves may not be conducted 
as a result of an interference phenomenon (the P waves 
falls in the AV node’s physiologic refractory period). 

The width of QRS may be narrow if the AV block is high 
(suprahisian) or wide if it is infrahisian, or aberrant con- 
duction exists. 


The exact location of the block 

This can only be determined by means of a bundle of 
His ECG (see Chapter 25, Intracavitary ECGs and electro- 
physiologic studies). Figure 17.13 shows examples of first- 
degree AV block after His level (prolonged HV interval) (A), 
second-degree 2 x 1 block before His deflection (B), 
second-degree AV block after His deflection (C), and sec- 
ond-degree AV block at His level (see two H deflections— 
H-H’—and the block between the two His deflections 
H-H’) (D). 


Cardiac arrest 


A diagnosis of cardiac arrest is reached when the patient 
carotid pulse is not palpable and no cardiac sounds are 
heard by auscultation. The presence of brain anoxia leads 
to pupil dilation and, a few minutes after the cardiac 
arrest, respiratory arrest also occurs. In a continuous ECG 
recording it is observed how cardiac arrest may be pre- 
ceded by a progressive bradyarrhythmia (Figure 17.5) or 
tachyarrhythmia, usually ventricular fibrillation (see 
Figures 16.30 and 16.32). Rarely, ventricular tachycardia 
may directly trigger the cardiac arrest (see Figure 16.8). 

Patients in coronary intensive care unit usually are 
recovered with electrical cardioversion if the cardiac 
arrest is due to a primary ventricular fibrillation (see 
Figures 16.31 and 16.32). 

Hospitalized patients suffering from cardiac arrest 
should be treated as emergency patients (cardiac arrest 
protocol). This measure leads to an acceptable number 
of recoveries (for further information consult advanced 
cardiac life support pulseless arrest algorithms, e.g. 
Circulation 2005, Europace 2006, and other guidelines 
produced by scientific societies, p. X). 

The fight against out-of-hospital cardiac arrest is a 
significant challenge in modern cardiology. Automated 


external defibrillators (AEDs) are useful at selected loca- 
tions (airports, sport stadiums, etc.). However the effi- 
ciency of this effort, at least in some environments and 
with current logistics, is limited (Public Atrial 
Defribrillator trial investigators, 2004). Logistic and eco- 
nomic problems make currently universal implementa- 
tion impossible. Furthermore, the time elapsed before 
resuscitation by AED is still usually too long and many 
cardiac arrest survivors suffer from neurologic sequels. 
Finally, it has been suggested that home use of AEDs 
might offer an opportunity to improve survival for 
patients at risk (Bardy et al. 2008). 


The pacemaker electrocardiography 
(Garson 1990; Kasumoto and 
Goldschlager 1996; Hesselson 2003) 
(Figures 17.16-17.29) 


Components of the pacemaker ECG 

A pacemaker ECG comprises three components: the 
stimulation spike, the subsequent ventricular depolari- 
zation, and, finally, the repolarization wave. 

Spikes may be either monopolar or bipolar. Monopolar 
spikes show a higher voltage. Bipolar spike voltage may 
increase due to pacemaker dysfunction. Non-stimulating 
monopolar spikes may shift the isoelectric line due to 
their high voltage, mimicking a QRS complex and thus 
appearing to be normal (Figure 17.24A). Patients with 
pacemakers may show different types of fusion com- 
plexes (Figure 17.26A). 

The QRS complex morphology and the AQRS vector 
direction depend on the pacing site (Figures 17.16-17.19). 
Currently, stimulation is almost always made from the 
right ventricle (transvenous-endocardial pacing), and the 
ECG recording morphology is similar to that of an 
advanced left bundle branch block (LBBB) (Figure 17.17). 

Resynchronization pacemakers (see below) ideally 
must show a morphology characterized by a narrower 
QRS complex than that observed at baseline (Figure 
17.18). However, different QRS morphologies may be 
found with resynchronization pacemakers (Steinberg 
et al. 2004; Barold et al. 2006a). 

Figure 17.19 shows the ORS axis in the different types 
of ventricular stimulation. 

Bicameral DDD pacemakers feature two consecutive 
spikes, corresponding to atrial and ventricular activation 
respectively (Figure 17.26C). 

Esp-qR morphology observed in I, VL, and V6 usually 
with “q” 20.03s is suggestive of old anterior infarction 
(Figure 17.20). A review of ECG diagnosis of myocardial 
infarction and ischemia during cardiac pacing has been 
published recently (Barold et al. 2006b; Barold 2008). 


Figure 17.16 Pacemaker rhythm with electrode implanted in the 
left ventricle (right bundle branch block (RBBB) morphology). 
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Figure 17.17 Pacemaker rhythm with electrode implanted in 
the apex of the right ventricle (left bundle branch block (LBBB) 
morphology). 
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On the other hand, in patients with intermittent pacing 
it is observed, as in intermittent LBBB and right-sided 
accessory pathway (Wolff—Parkinson—White (WPW) 
pattern), that the non-pacing complexes have negative T 
waves that are not due to myocardial ischemia (electrical 
memory phenomenon) (Figure 17.21). Repolarization dis- 
orders are not easily discerned in patients with pace- 
makers, and thus, in the presence of precordial pain, 
pacemakers usually hinder the diagnosis. However, when 
ST changes are significant, they may be clearly observed 
in the ECG (Figure 17.22). 

When patients with pacemakers develop cardiogenic 
shock, a block between the spike and the paced QRS may 
occur in the final phase (Figure 17.23). In contrast, a lack 
of conduction between the pacemaker spike and the 
myocardium may also be observed due to pacemaker 
malfunction (Figure 17.24A) (see below). 
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Figure 17.19 AQRS in the different types of ventricular 
stimulation (see Figures 17.16-17.18). 
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Figure 17.18 Patient with biventricular stimulation (resynchronization pacemaker). The QRS is definitively shorter than the previous QRS 
in sinus rhythm.The left ventricular stimulation explains the AQRS and the QRS complex morphologies (R in V1 and QR in VL) in the 
different leads. 


364 = Arrhythmias 


A 
| Beret Vy V; 
— HY 
Il VL V2 V5 
BEA 
Paan Pata 


Figure 17.20 (A) Patient with anteroseptal and lateral infarction and advanced right bundle branch block (RBBB) in whom a pacemaker 
was implanted. (B) Note that Esp-qR morphology is recorded not only in I and VL, but also in V5-V6, suggestive of necrosis in patients 


with pacemaker. 
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Figure 17.21 Patient with sick sinus in whom a pacemaker was implanted. The left panel of each trace pair shows the basic ECG, whereas 
the right panel shows the pacemaker ECG, followed in each lead by spontaneous complexes. An alteration in the repolarizaton of the 
spontaneous complexes (negative T waves) is observed, which is not due to the presence of ischemia but to the phenomenon of “electrical 


memory.” 


Figure 17.22 Patient with episode of Prinzmetal angina in whom a pacemaker was implanted (A). During an episode (B), a significant 


ST elevation is observed. 


Evolution of pacemaker technology 

(Figures 17.25-17.28) 

The first pacemakers were fixed-pace devices, and they 
could not detect the electrical activity of the heart in the 
patient (sensing capacity), nor could they be inhibited in 
the presence of spontaneous electrical activity. Thus, the 
spontaneous electrical activity of the heart interfered with 
pacemaker activity. According to the three- and five-letter 
codes (Parsonnet et al. 1981; Bredikis and Stirbys 1985) 


(Table 17.1), these pacemakers delivered ventricular (V) 
pacing, but did not have sensing function (O), and there- 
fore no automatic response (O) to the sensing capacity. 
This type of pacemaker (VOO) is no longer used. 

To prevent this, pacemakers with the sensing capacity 
to detect spontaneous electrical activity of the heart 
were designed. The most commonly used pacemaker dis- 
plays an automatic response to this sensing capacity by 
inhibiting its discharge. Later, a new response cycle is 
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Figure 17.23 (A) A 57-year-old patient with a pacemaker in a cardiogenic shock with spike-myocardium block and some non-stimulating 
spikes. (B) After a few minutes, agonic rhythm is present (most of the spikes do not stimulate). 
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Figure 17.24 (A) Fourth and sixth spikes are not followed by QRS complexes. Note the spike morphology with isoelectric baseline 
distortion, which may be mistakenly interpreted as a genuine QRS complex. The sixth spike is a ventricular escape and then a sinus 
capture occurs. (B) After four pacemaker complexes, the spike is not observed and a very slow escape rhythm appears, probably due to 


cable rupture. (C) Pacemaker complexes (M) alternating with sinus complexes (S). Two different spikes are observed, with a subthreshold 
stimulation not followed by QRS. (D) Significant changes of spike polarity in many leads. This is an abnormal pattern. 


initiated, which starts a pacemaker impulse, provided 
that a spontaneous QRS complex does not occur before. 
This type of pacemaker is called a VVI pacemaker 
(Figure 17.26A) (V = ventricular pacing; V = ventricular 
sensing; I = demanded response (inhibition) ). In cases of 
sinus node disease without AV block, single chamber 
pacemakers (AAI) (Figure 17.26B) are used. When the 


sinus node function is normal but an AV block exists, 
VDD and now more frequently, DDD pacemakers may 
be implanted (Figure 17.26C) (see Choosing the best 
pacemaker in different clinical settings, below). 
Currently, the most commonly used pacemakers are 
sequential (dual chamber) pacemakers, which pace and 
sense both atria and ventricles, and may display inhibition 
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4 6 
Figure 17.25 (A) Example of oversensing: typical interference by myopotentials. The pacemaker perceives the muscular contraction to be 
intrinsic activity and becomes inhibited. (B) Example of undersensing. Sensing failure in a patient with a VVI pacemaker. The fourth and 
sixth spikes fall on the ST of prior complexes and are not followed by new QRS as the myocardium is in refractory period. The reason for 
the occurrence of these spikes is the failure in the detection of prior QRS because they have a low voltage that is not perceived. 


Figure 17.26 (A) VVI pacemaker. Ventricular on-demand pacemaker. The pacemaker is activated when the spontaneous rhythm is slower 
than its discharge rate. There are fusion impulses (4 and 7). After two sinus impulses (5 and 6), the pacemaker rhythm starts again. The first 
pacemaker impulse is delayed with regard to the programmed stimulation rate (hysteresis) (AB > BC). (B) AAI pacemaker. The three first 
complexes and the three final complexes are sinus complexes, start with an atrial spike, followed by an atrial depolarization wave (P wave). 
From the eighth complex, the sinus activity is again predominant and the pacemaker is inhibited. (C) DDD pacemaker. Example of physi- 
ologic (sequential) pacemaker. First, we observe three complexes caused by the pacemaker ventricular stimulation (“atrial sensing”). Next, 
the sinus rate decreases and starts the pacing by complexes initiated by the physiologic atrioventricular sequential stimulation (two spikes). 


or other types of response. These are DDD pacemakers 
(Table 17.2 and Figure 17.26C) with two spikes (see 
above), which initiate atrial and ventricular depolariza- 
tion in a sequential mode. 

Many modern pacemakers adapt to normal everyday 
life because they can increase the heart rate on demand. 
They sometimes include biosensors, the most commonly 
used being the P wave. When the P wave rate does not 
increase, due to sinus node disease or atrial fibrillation, 
other biosensors are used (muscle activity, etc.). Both VVI 
and DDD pacemakers may have this type of response 
(DDDR and VVIR) (Figures 17.27 and 17.28). External 
programmers can modify all the pacemaker parameters 
when necessary. Moreover, advances in the field of 
multiprogramming systems and telematic interrogation 
can facilitate the correction of various pacemaker 
dysfunctions, and allow better pacemaker monitoring. 


Arrhythmias may also be memorized and diagnosed 
(Holter function). Likewise, implantable defibrillators 
may be monitored and controlled. 

As a result of all these advances, indications for pace- 
makers have also been changed. Today, they are not only 
used to prevent sudden death secondary to bradyarrhyth- 
mias, but also to better treat some tachyarrhythmias or 
improve ventricular function. Examples of such use 
include the following: 

e AV node ablation + VVIR pacemaker implantation in 
patients with rapid atrial fibrillation in whom the AV 
node conduction cannot be well controlled with drugs. 
This approach allows for improvement of the ventricular 
function and quality of life in atrial fibrillation patients 
with a very fast ventricular rate. Currently, the AV node 
ablation is combined with biventricular pacing (cardiac 
resynchronization therapy (CRT), with success in cases of 
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Figure 17.27 (A) DDDR pacemaker in a patient with sick sinus and atrioventricular (AV) block. Note how the pacemaker pacing increases 


with exercise (B). 


Figure 17.28 (A) VVIR-type pacemaker in a patient with atrial fibrillation (AF) and atrioventricular (AV) block. Note how the pacemaker 


pacing increases with exercise (B). 


Table 17.1 Pacemakers: three- and five-letter identification codes 


Types Category Letters 


V: ventricle 

A: atrium 

D: dual (A+V) 

V: ventricle 

A: atrium 

D: dual (A+V) 

O: none 

T: triggered 

: inhibited (on demand) 
D: dual (triggered/inhibited) 
O: none (asynchronous) 
R: reverted 

P: single programmable 
M: multiprogrammable 
C: communicating 

R: rate modulation 

O: none 

B: P = pacing 

S: shock 

D. dual (P + 5) 


| Chamber(s) paced 


Il Chamber(s) sensed 


Il Modes of response 


IV Programmable 
antiarrhythmic functions 


V Special functions 


very advanced heart failure + atrial fibrillation + QRS 
>120 ms (Gasparini et al. 2006). 

e Ventricular resynchronization pacemakers (Figure 
17.18) are indicated for heart failure patients who pre- 
sent with right ventricular stimulation (Cazeau et al. 
2001; Moss et al. 2009). These pacemakers deliver electri- 


cal stimulating pulses to both ventricles to coordinate 
contraction of both chambers. Therefore, these pace- 
makers correct the dyssynchrony generated by pace- 
makers located in the right ventricle and/or by the 
underlying LBBB, improving ventricular contractility 
and heart failure (CRT). Resynchronization pacemakers 
are implanted in the left ventricle using a catheter, which 
is introduced in a coronary vein through the coronary 
sinus to stimulate the ventricular free wall. Recently, 
excellent reviews (Steinberg et al. 2004; Barold et al. 
2006a) have been published commenting on assessment 
of biventricular pacing, and the diagnostic value of 
12-lead ECG during biventricular pacing for cardiac 
resynchronization. The indications for CRT are dis- 
cussed elsewhere (see Bayés de Luna, 2011, and general 
references) (page X). 


Stepwise approach to interpretation of an 
unknown pacemaker ECG: a pacemaker clinic 
To interpret the ECG tracing of a patient with a pace- 
maker, the following stepwise approach should be used: 
(i) determine the mode of operation of the pacemaker 
(VVI, DDD, etc.); (ii) measure pacemaker parameters 
(rate, AV intervals, etc.); and (iii) evaluate the pacemaker 
function output (spike characteristics), sensing capacity, 
and ventricular capture (triggering). 

Today’s advanced pacemaker technology and increased 
cost of sophisticated devices requires methodological 
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Table 17.2 Characteristics of the main types of pacemakers currently used 


Letter position (I II III) Mode description 


Use 


VVI Ventricular on demand pacemaker (inhibited by R 


wave) (Figure 17.26) 


On-demand tachycardization capability (type VVI-R 


biosensors) (Figure 17.28) 


AAI Atrial on-demand pacemaker (inhibited P wave) 


(Figure 1726). Capability type AAI-R 


DDD Universal. Atria and ventricles sensed and paced 
(Figure 1726). Different types of programmable 


parameters may be included. Capability of 
on-demand tachycardization (DDD-R type) 
(Figure 17.27) 


long-term follow-up in order for the patient to receive the 
optimum pacing benefit and for the treatment to be as 
cost-effective as possible. For these reasons, a well-organ- 
ized pacemaker clinic is needed. 


The use of ECG to detect pacemaker 

complications 

Pacemaker complications include those related to implan- 
tation, those related to dysfunction of some components 
of the pacing system, the pacemaker-induced arrhyth- 
mias, the pacemaker syndrome, and pacemaker system 
infection. Complications related to implantation and 
infection of the system are discussed fully elsewhere (see 
Bayés de Luna, 2011, and general references). 


Pacemaker dysfunction 

In pacemaker-dependent patients, a dysfunction due to a 
failure of a component of the pacemaker may induce 
syncope, hemodynamic disorders, and even sudden 
death. Therefore, early detection is very important. There 
are many different reasons for pacemaker dysfunction. 
We shall briefly look at some ECG clues that may reveal 
various pacemaker dysfunctions due to stimulation and 
sensing problems, which are usually caused by badly 
positioned or fractured leads. For further information on 
the subject, consult Barold et al. (2006a), Barold (2008), 
Hayes and Friedman (2008), Hesselson (2003), and the 
general references (page X). 

Pacemaker stimulation problems are generally caused 
by failure of spike generation or transmission. Spikes are 
generally assessed through a signal-averaging analysis, 
which allows for identification of the most important 


Currently, the most used pacemaker. The spontaneous 

QRS complex is sensed by the device and the following 
pacemaker impulse is inhibited. The generator output circuit 
is recycled and a pacemaker stimulus is generated at a given 
rate, unless a spontaneous QRS is generated before. It is 
especially indicated for patients with atrial arrhythmias, 
particularly atrial fibrillation, slow ventricular rate, advanced 
age, sedentary lifestyle, infrequent bradycardia episodes 
and recurrent tachycardia mediated by the pacemaker 
Especially indicated for sinus node disease with intact AV 
conduction, and presumably with no atrial fibrillation in the 
short-term follow-up 
Sinus node disease and all types of AV block. It does not 
provide additional benefits over the VVI in case of persistent 
atrial fibrillation. Pacemakermediated tachycardias may 
occur in the presence of retrograde conduction, which could 
be prevented by programming the pacemaker without atrial 
detection 


abnormalities. It is particularly important to check the 
changes of voltage, as well as the spike duration and 
transmission. Impedance measurement also helps to diag- 
nose these problems. The most important stimulation 
problems occur in the following situations: 


e The spike falls outside the myocardial refractory period 
and therefore has the potential to stimulate. Despite this, 
it is not followed by a QRS complex, due to an exit block 
(Figure 17.24A). 

e The spike is not permanently or intermittently detected 
(Figure 17.24B). 

e Sometimes a spike showing a different morphology ini- 
tiates a subthreshold stimulation (Figure 17.24C). 

e In many leads, spike polarity changes are observed (it 
may be normal if occurring in only one lead), initiating an 
exit block and occasionally a sensing problem (Figure 
17.24D). In the Holter ECG recording, spike polarity 
changes frequently occur, although generally they are not 
clinically significant. 


Pacemaker sensing problems often manifest as over- 
sensing or undersensing. Oversensing occurs when the 
generator responds to signs different from the QRS 
complex (or the P wave in the case of atrial pacemak- 
ers), which leads to changes in the pacemaker discharge 
rate because other signs are inappropriately perceived. 
Oversensing may occur because the T wave is sensed 
or because the pacemaker wire is partially broken. It 
may also be caused by interference of myopotentials 
produced by pectoral muscle contractions (the most 
common form of oversensing). The pacemaker senses 
the muscle contraction as an intrinsic cardiac activity 


Figure 17.29 Diagram explaining how pacemaker- 
mediated (DDD) tachycardias are triggered. Note how 
after two impulses from a sequential pacemaker (A and 
B), a PVC (!) is conducted retrogradely to the atrium. 
The retrograde P (2) is sensed by the pacemaker, 
generating, after a delay in the AV conduction, a new 
paced QRS complex (3) that may be retrogradely 
conducted again (4), perpetuating the repetitive 
phenomenon of the tachycardia. In the case of a VVI 
pacemaker no tachycardia would occur, because this 
type of pacemaker does not sense the atria (Table 17.2), 
preventing the occurrence of subsequent QRS 
stimulation. 


and becomes inhibited (Figure 17.25A). External inter- 
ference, such as electromagnetic or radiofrequency 
interference can also cause oversensing. Oversensing 
accounts for most of the cases of pauses observed in 
patients with permanent pacemakers. 

In undersensing, we observe an inhibited ventricular 
pacemaker that is unable to sense the QRS complex (or 
when an inhibited atrial pacemaker cannot sense the P 
wave). This may be due to a failure in the pacemaker sys- 
tem (generator or electrode), or to a cardiac problem gen- 
erally related to a transitory or permanent ORS voltage 
decrease. In this case the spike appears regularly, even 
though there are sinus QRS complexes. These QRS have 
not been sensed by the VVI system because of their low 
voltage (Figure 17.25B). Undersensing may also result 
from electrode displacement early after implantation. 


Pacemaker-induced arrhythmias (Figure 17.29) 
The development of DDD-type dual-chamber pacemakers 
involves the generation of an artificial reentry circuit. An 
anterograde arm of the loop comprises the dual-chamber 
generator with the atrial sensor, whereas the retrograde arm 
is either the specific conduction system (SCS) or an accessory 
pathway allowing only retrograde conduction (Figure 17.29). 

These circuits may account for the occurrence of 
pacemaker-mediated supraventricular tachycardias. 
Figure 17.29 explains how the tachycardia is initiated and 
perpetuated. During tachycardia, every pacemaker QRS 
complex is sensed by the atrium, triggering a new pace- 
maker ORS. This problem may occur in DDD pacemakers 
if the pacemaker atrial refractory period is shorter than 
the duration of ventricle—atrial conduction. 

Several methods have been designed to prevent 
pacemaker-mediated tachycardias. Some models auto- 
matically prolong the atrial refractory period after 
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sensing the ventricular premature extrasystole, a function 
which may be programmable. Generators have been 
designed to interrupt the tachycardia and restore the nor- 
mal heart rate through a periodic ventricular impulse that 
transiently interrupts the AV conduction, leading to the 
reversion of the tachycardia. These tachycardias may be 
easily terminated by the application of a magnet over the 
pacemaker, thus inhibiting atrial sensing and producing 
an asynchronous stimulation. Next, it is necessary to 
reprogram the pacemaker and increase the atrial refrac- 
tory period. 

On some occasions other supraventricular tachyar- 
rhythmias may be triggered (fibrillation, flutter, etc.). 
Sometimes, an extracardiac cause is involved in the devel- 
opment of these arrhythmias (it may be triggered by myo- 
potentials, magnets, electrocauterization, etc.). 

With current lower output pacemakers, the risk of ven- 
tricular fibrillation is practically zero, even though the 
electrical stimulus of the pacemaker may coincide with 
the patient’s T wave (vulnerable ventricular period). 

Frequently, ventricular extrasystoles are observed in 
patients with implantable pacemakers. Although they 
may disappear when heart rate increases, they often 
require antiarrhythmic treatment. Patients with a doubt- 
ful indication for pacemaker implantation are frequently 
taking antiarrhythmic agents that depress conduction 
and/or automaticity. This is an important factor when 
considering pacemaker implantation. 


Pacemaker syndrome 

Pacemaker syndrome is caused by a retrograde AV con- 
duction that occurs particularly in type VVI pacemakers, 
causing a “negative atrial kick” that produces a more 
important hemodynamic impairment than simple loss of 
AV synchrony (see below). 
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For a more detailed description of pacemaker ECG, as 
well as all related main components, goals, logistical 
needs, and functional aspects of a pacemaker clinic, 
including the assessment of pacemaker dysfunction, we 
recommend the interested reader to consult specialized 
publications (Garson 1990; Hesselson 2003; Barold 
2006, a, b, 2008; Hayes 2008), as well as the guidelines of 
scientific societies and general references. 


Choosing the best pacemaker in different 
clinical settings (Figures 17.30 and 17.31) 

We must consider: (i) the appropriate pacemaker function 
for each case, and (ii) implantation protocols. 


Appropriate pacemaker function for each case 
The choice of an appropriate pacemaker function depends 
on many factors. 


Preservation of normal atrial contraction and an 
appropriate AV conduction synchrony 

If an appropriate atrial contraction does not occur in the 
presence of advanced interatrial block with retrograde 
left atrial activation (P + leads II, III, and VF), the atrial 
electrode should be preferentially located in the upper 
septal region, so that both atria may depolarize at the 
same time. 

Appropriate AV synchrony is very important, as with- 
out it atria contract against closed AV valves and venous 
congestion occurs. The inadequate timing of atrial and 
ventricular contractions may set off a constellation of 
signs and symptoms known as pacemaker syndrome. 
This includes decreased cardiac output, hypotension, 
fatigue, exercise intolerance, dizziness, lightheadedness, 
and even near-syncope. 

Pacemaker syndrome usually occurs when stimulation 
is type VVI with 1 x 1 retrograde AV conduction. 
Retrograde AV conduction causes a “negative atrial kick” 
(see above). Pacemaker syndrome may also occur in the 
presence of VDD stimulation with retrograde conduction, 
and also in the case of pacemakers with inappropriate AV 
synchrony due to incorrect programming. Pacemaker 
syndrome due to VVI pacing with AV 1 x 1 conduction 
can be eliminated by restoring AV synchrony with atrial 
pacing, if AV conduction is normal, or with dual-chamber 
pacing with an appropriate AV delay. 


Preservation of the normal ventricular 

activation sequence 

Changes in this sequence produced by pacemaker stimu- 
lation in the right ventricular apex or in the case of 
advanced LBBB may induce hemodynamic alterations 
and may even trigger heart failure (Stockburger et al. 
2009; Tops et al. 2009). In consequence, when the AV con- 
duction is normal, maintenance of a normal ventricular 
activation sequence is recommended. Dual-chamber 
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Figure 17.30 Decision tree. Selection of stimulation for all cases of 
bradycardia, regardless of their origin (see Figure 17.31 and 
implantation protocols) (*see Nielsen 2010). 
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Figure 17.31 Decision tree. Selection of stimulation mode in 
sinus node dysfunction. AAIR: AAI with rate response; DDD: 
dual chamber; DDDR: dual chamber with rate response; LVF: 
left ventricular function; HF: heart failure; MVP: algorithms 
minimizing ventricular pacing, allowing for maximum 
stimulation from the specific conduction system (see 
Implantation protocols and Nielsen 2010). 


rate-responsive pacing maintains the AV synchrony, but it 
is not a physiologic pacing modality. It was thought that 
when the DDDR pacemaker functions more than 40% of 
the time, the incidence of heart failure and atrial fibrilla- 
tion increases when compared with patients with an AAT 
pacing mode. Hence, in patients with sick sinus syndrome 
requiring DDDR pacing (i.e. AV block), implanting a 


pacemaker with algorithms allowing maximum pacing 
through the normal SCS, so that the pacing ventricular 
stimulation is kept to a minimum, was recommended 
(algorithms minimizing ventricular pacing (MVP) (Figure 
17.31). The DDDR pacemaker protects from the small pos- 
sibility (~2% of annual risk) of future AV block develop- 
ment (see Implantation protocols, below, and consult 
Bayés de Luna 2011). 

There is considerable evidence (Zhang et al. 2008; Sanna 
et al. 2009) that apical right ventricular pacing (ARVP) 
produces abnormal heart contractions, and favors left 
ventricular dysfunction and heart failure. In patients with 
normal ejection fraction (EF), in a 12-month follow-up, 
ARVP induces adverse left ventricular remodelling and a 
decrease in EF when compared with biventricular pacing 
(Yu et al. 2009). Some authors believe that from a hemody- 
namic point of view, stimulation from the right ventricu- 
lar outflow tract may be better than that from the right 
ventricular apex (Cock et al. 2003). It has been shown that 
even survival may improve (Vanerio et al. 2008). 

The parahisian technique is appropriate to preserve a 
physiologic AV synchrony and prevent inter- and intra- 
ventricular asynchrony (Ochetta et al. 2006). Further 
improvement in the use of appropriate electrodes to stim- 
ulate the His region will minimize the current technical 
limitations. 

In patients with LBBB and/or depressed ventricular 
function requiring pacemaker implantation, biventricular 
pacing should be recommended. Pacing should reach the 
left ventricle through the coronary sinus via a cardiac vein 
contacting the left ventricular lateral wall (Cazeau et al. 
2001). This leads to resynchronization of the cardiac acti- 
vation (CRT) and prevents abnormal activation (LBBB- 
type), occurring with right ventricular activation (Moss 
et al. 2009). 


Maintenance of a normal physiologic 

chronotropic function 

This currently may be achieved with modern technolo- 
gies (progressive rate-responsive pacemakers) (AAIR, 
VVIR, and DDDR) (Vardas et al. 2007). 


Implantation protocols 

Various protocols, including guidelines for implantation 
and selection of the correct cardiac pacemakers, are now 
available (see guidelines of the scientific societies) 
(Vardas et al. 2007; Epstein et al. 2008; Martinez Ferrer 
et al. 2009). 

Figures 17.30 and 17.31 show the respective algorithms 
used to determine the best pacemaker for sick sinus syn- 
drome and bradycardia due to any cause. 

In patients with sick sinus syndrome (Figure 17.31) 
pacemaker is recommended (Chapter 24) and even with- 
out AV block, the first pacing choice is probably the DDDR 
(DANPACE trial) (Nielsen 2010), The AAIR has the incon- 
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venience that an AV block may eventually occur. If AV 
block is not present at the time of implantation (a progres- 
sive atrial stimulation warranting a 1 x 1 AV conduction 
up to a rate of 140bpm should be made), the annual risk 
of AV block is 2%. 

When symptomatic bradycardia occurs in the pres- 
ence of slow atrial fibrillation, pacemaker are indicated 
and the VVIR mode pacemakers are the option most 
widely used (Figure 17.30). 

The presence of an acquired AV block requires pace- 
maker implantation in most cases. However, in cases of 
congenital AV block it is a questionable procedure (see 
Chapter 24). 

In patients with advanced AV block and normal sinus 
function, DDD pacemakers are the first choice. In the 
presence of sinus node dysfunction, a DDDR pacemaker 
with MVP function should be implanted (Figure 17.30). 
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Chapter 18 


Diagnosis of Arrhythmias in Clinical 
Practice: A Step-by-Step Approach 


In this chapter we will discuss the different steps to be 
taken to properly diagnose an arrhythmia. 


Determining the presence 
of a dominant rhythm 


It is generally easy to identify whether the dominant 
rhythm is of sinus or ectopic origin, and, in this latter case, 
to know what kind of arrhythmia it is. Occasionally, how- 
ever, it may be difficult to determine which rhythm is 
dominant. For instance, in the case of chaotic atrial tachy- 
cardia (see Figure 15.21), by definition, there is no domi- 
nant rhythm (see Chapter 15, Chaotic atrial tachycardia). 
At times it may also be difficult to distinguish between 
sinus rhythm and flutter 2 x 1 (see Figure 15.14). 

In particular, when the atrial rate is around 200bpm, 
it is impossible to distinguish between atypical flutter and 
tachycardia due to an atrial macro-reentry (MAT-MR). In 
fact, these two arrhythmias may be considered the same 
(see Chapter 15, Atrial flutter: ECG findings). 

When atrial activity is not observed it may also be quite 
difficult to determine with certainly which is the domi- 
nant rhythm. In this case we must perform carotid sinus 
massage, other maneuvers (see Figure 15.5), or use T 
wave filtering techniques, if available (see Chapter 25). 
Intracavitary studies may also be useful in many cases, 
even in atrial fibrillation / atrial flutter with small or appar- 
ently non-existent “f” waves (Figures 15.37 and 18.1). 


Atrial wave analysis 


Be sure that the atrial activity is visible 

in the ECG 

In an ECG tracing with narrow or broad QRS tachycardia, 
sometimes atrial activity is not observed because the atrial 
wave is hidden in the QRS complex (see Figure 15.13A). 
Sometimes it will be useful to take an ECG during deep 


breathing (see Figure 15.5) or during carotid sinus com- 
pression. If, despite all these measures, the atrial wave is 
not seen (Bayés de Luna et al. 1978), it is useful to use volt- 
age amplification techniques (see Figure 13.24) and, if 
possible, to apply the T wave filter (Goldwasser et al. 
2011) (see Chapter 25, Figure 25.16). However, the fact 
that no atrial activity is detected in the surface ECG even 
in the presence of slow heart rate is not conclusive evi- 
dence for atrial paralysis (see Figure 15.37), because the 
atrial rhythm may be concealed in the QRS complex or 
undetectable in the surface ECG (Figure 15.37). Atrial 
paralysis is only confirmed when no atrial activity is 
observed in intracavitary ECGs. 


Once atrial activity has been determined 
Once atrial activity has been determined we should focus 
on the following aspects of the atrial wave. 


Morphology and polarity 

The atrial wave morphology suggests sinus or ectopic 
origin. In sinus rhythm, it is positive in leads V2-V6 and 
I, and negative in lead VR; it is frequently + in lead V1, 
whereas in rare cases it is + in leads II, II, and VF (Bayés 
de Luna et al. 1985); finally, it is negative or —/+ I in VL. 

In the case of monomorphic atrial tachycardia of ectopic 
focus (MAT-EF), the algorhythm shown in Figure 15.10 
allows us to localize the atrial origin of the ectopic P’ wave 
(Kistler et al. 2006). On the other hand, a very narrow P 
wave (<0.06s) is indicative of ectopic origin, although it 
should be pointed out that many ectopic P’ waves are 
wide (see Figures 15.7 and 15.9). 

F waves of atrial fibrillation show low but variable 
voltages, being more evident in V1 (see Figures 15.25 and 
15.26), whereas the typical common flutter waves display 
a sawtooth morphology with a predominant negative 
component in leads II, II, and VF (see Figure 15.33). 

Figure 18.2 shows the morphology of atrial activation 
waves in the different supraventricular tachycar- 
dias with regular and monomorphic waves (see also 
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Figure 18.1 Atrial fibrillation with left bundle branch block (LBBB)—QRS complexes in leads I and II, Simultaneous recording of His bundle 
electrocardiogram (HBE) show the “f” waves, which are non-visible on surface ECG, and demonstrates that the H deflection precedes the 
ventricular complexes, with a normal H-V interval of 50ms. Tracings taken at higher speeds show better the oscillations in the duration of 


RR intervals (50 and 100mm /s). 


Table 15.5 and Figures 18.3 and 18.4 show the different 
algorithms that, depending on whether atrial activity is 
present or not, allow us to determine the type of active 
supraventricular arrhythmia with narrow QRS and 
regular (Figure 18.3) or irregular RR (Figure 18.4). 


Cadence 

The cadence of atrial activity may be regular or irregu- 
lar. In sinus rhythm, the cadence is regular, although it 
usually shows a little variability, especially during res- 
piration (see Chapter 15, Sinus tachycardia). Ectopic 
atrial waves may show a regular or irregular cadence. 
The cadence of atrial activity is regular in all ectopic 
forms or reentrant tachycardias (of atrial or junctional 
origin) and in atrial flutter, whereas cadence is irregular 
in chaotic atrial tachycardia and atrial fibrillation 
(Figures 18.2 and 18.3). Relatively often, ectopic atrial 
tachycardias show some changes in the heart rate at the 


onset or end of the crisis (see below), in relation to some 
stimuli (exercise, etc.) or after some drugs administra- 
tion (digitalis). 


Rate 

e Sinus rate during rest is not usually faster than 
80-90 bpm, although this rate may be higher in sympa- 
thetic overdrive or in different pathologic situations 
(fever, acute myocardial infarction, hyperthyroidism, 
heart failure, etc.). Exercise and emotions (see Figure 15.4) 
lead to a progressive increase of up to 180-200bpm in 
young people, whereas a progressive slowing down is 
observed when the stimuli disappear. The sinus rate dur- 
ing sleep or rest may be slower than 50 or even 40 bpm 
(see Chapter 17, Sinus bradycardia due to sinus automa- 
ticity depression). The rate is also increased in inappropi- 
ate sinus tachycardia and in sinus reentrant tachycardia 
(see Chapter 15, Sinus tachycardia). 
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Figure 18.2 Different morphologies of monomorphic atrial waves. (A) Sinus P wave. (B) Monomorphic atrial tachycardia due to ectopic 
focus (MAT-EF) with 1 x 1 conduction. (C) MAT-EF with 2 x 1 atrioventricular (AV) conduction. (D) “F” waves of common flutter with 
variable AV conduction. (E) “F” waves of reverse flutter with a 3 x 1 conduction. (F) Retrograde P’ in case of AVRT (junctional reciprocating 
tachycardia—accessory pathway). (G) Atypical flutter waves with variable conduction. 


e In MAT-EF, the P’ wave ranges between 100 and 
200 bpm. In some cases its rate increases during exer- 
cise and at the onset of tachycardia (warming up) (see 
Figure 15.7). 

e In MAT-MR the atrial rate is usually fast and does not 
change with exercise. If it reaches ~200bpm, it may resemble 


an atypical flutter. In fact, both names probably correspond 
to the same arrhythmia (see Chapter 15, Atrial flutter). 

e The rate in the two types of AV junctional tachycardias 
due to reentrant mechanism (JRT)—exclusively junc- 
tional and with accessory pathway—is usually high 
(~150-180 bpm). 
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Figure 18.3 Algorithm for detecting active supraventricular arrhythmias with regular RR intervals and narrow QRS complexes. 
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Figure 18.4 Algorithm for detecting active supraventricular arrhythmias with irregular RR and narrow QRS complexes. 


e The rate of atrial rhythm in atrial fibrillation and flutter 
(A.Fl) and the ventricular rate is usually high (360-700 
bpm and irregular in AF, and 200-300 bpm and regular in 
A.FL, and the ventricular rate, depends on the grade of 
concealed AV conduction of f or F waves (see chapter 15). 
e A not very fast but fixed rate (100-130 bpm) both during 
the day and night, supports diagnosis of ectopic rhythm 
(atrial tachycardia or 2 x 1 flutter instead of sinus rhythm) 
(see Figure 15.14). 

e A slow regular atrial rate (<60 bpm) is indicative of sinus 
bradycardia, or in rare cases, of a sinoatrial 2 x 1 block. In 
the latter case, the heart rate may double with exercise, 
whereas in sinus bradycardia the heart rate increases 
progressively. 


Location of the atrial wave in the cardiac 
cycle (RR) 

e The sinus P wave and most MAT P’ waves precede the QRS 
complex, with a PR < RP relationship (see Figure 15.13D). 

e In paroxysmal junctional tachycardias, where the reen- 
trant circuit exclusively involves the AV junction (atrioven- 
tricular nodal reentry tachycardia (AVNRT)), the P’ wave 
is located within the QRS complex (and is therefore not 
visible) or it is attached to its end, resulting in morphology 
distortion (see Figure 15.13A,B). If the reentry involves an 
accessory pathway (AVRT), the P’ wave follows the QRS 
complex closely so that P’R > RP’ (see Figure 15.13C). 

eIn junctional ectopic tachycardia when there is 
ventriculo-atrial conduction, the P’ may be located before 
or after, or be hidden within the QRS complex (see 
Chapter 15, Atrioventricular junctional tachycardia due 
to ectopic focus). 


QRS complex analysis 


Width and morphology 
The QRS complexes may be narrow (<120ms) or wide 
(2120 ms). 


e Narrow QRS complexes are the result of normal 
ventricular activation due to sinus rhythm if they are 
preceded by a sinus P wave, or due to different types of 
supraventricular tachyarrhytmias (see Tables 15.2 and 
15.3). Narrow qRS complexes in the case of slow rates not 
preceded by sinus P waves correspond to junctional 
escape complexes or rhythm. 

e Wide QRS complexes may be the result of intraventri- 
cular aberrant conduction, over an accessory pathway, or 
of ventricular origin (see below). 


Cadence 

In the presence of narrow QRS complexes, the RR 
cadence may be regular or irregular (see Table 15.3). 
Based on this premise, the different types of fast regular 
or irregular rhythms with narrow ORS complexes may 
be diagnosed using the algorithms of Figures 18.3 and 
18.4. In addition, Tables 15.2 and 15.3 display the most 
important ECG aspects of paroxysmal regular supra- 
ventricular tachyarrhythmias with narrow QRS com- 
plexes. The presence of premature atrial or ventricular 
complexes may convert a regular rhythm into an irreg- 
ular one. 

All the types of slow regular or irregular rhythms, usu- 
ally with narrow QRS complexes (sinus bradycardia, 
escape functional rhythm, etc.), are discussed in 
Chapter 17. 

When the QRS is wide and the ventricular rate is fast 
and regular, a differential diagnosis between ventricu- 
lar tachycardia (see Figures 16.12-16.14) and supraven- 
tricular tachycardia with aberrant intraventricular 
conduction (see Figure 16.19) or with anterograde con- 
duction over an accessory pathway (see Figure 16.18) 
has to be performed. In most cases differential diagno- 
sis may be established using the algorithm developed 
by Brugada et al. (1991). 

The presence of wide QRS complexes and irregular 
rhythm is seen in the case of atrial fibrillation or atrial 
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flutter with variable conduction and aberrant intraven- 
tricular conduction or pre-excitation (see Figures 15.40 
and 15.41). The presence of capture or fusion complexes 
may show if the fast irregular rhythm is due to ventric- 
ular tachycardia or atrial fibrillation with aberrant con- 
duction (see Figures 15.31 and 16.15). 

The possible explanations of wide QRS in the presence 
of slow heart rate include sinus bradycardia with bundle 
branch block, and ventricular escape rhythm or AV junc- 
tional with aberrancy (see Chapter 17). 

On occasion, the QRS complexes occur in a repetitive 
form (alloarrhythmia), for example bigeminal rhythm 
(see Repetitive arrhythmias analysis: bigeminal rhythm, 
and Figure 18.10). 


Rate 
The ORS complex may show a fast rate (>90 bpm), normal 
rate (60-90 bpm), or low rate (<60 bpm). 

High ventricular rates correspond to active arrhyth- 
mias, but in many cases normal and low ventricular rates 
may also be seen in active rhythms, as in the case with 
regular rhythms (particularly flutter with 4x1 AV con- 
duction) or irregular rhythms (particularly atrial fibrilla- 
tion with low ventricular rate due to advanced AV block). 
In the case of flutter with 4x 1 AV conduction and heart 
rate of about 70 bpm, it may be mistakenly considered to 
be sinus rhythm both through palpation and auscultation. 
However, with exercise the heart rate usually shows 
abrupt increases (due to a decrease of AV block), or 
remains stable, whereas the sinus rhythm increases the 
heart rate progressively. 

The majority of passive arrhythmias have low ventricu- 
lar rates. There are exceptions, for example, first-degree 
sinoatrial block or AV block (see Figures 14.19A and 
14.20A). 


Atrioventricular relationship analysis 


This information is very important to obtain the correct 
diagnosis af arrhythmia. Evidence of AV anterograde 
conduction, regardless of the type (sinus P wave-QRS 
complex, P’ wave-ORS complex, F flutter or f fibrillation 
waves-ORS complex), as well as the eventual ventriculo- 
atrial (VA) retrograde activation, is often a key parame- 
ter to correctly diagnose the different arrhythmias 
(Figure 18.2). 

If no AV or VA relationship is observed, we may state 
that AV dissociation is present, which may be due to a 
block or interference (see Chapter 14, Decreased 
conduction: Blocks). In the first case, the ventricular rate 
is slow, due to an advanced block or a complete block (see 
Figures 14.20D, 17.3, and 17.14), whereas in the second 
case the ventricular rate is fast. If the QRS is wide it is very 
suggestive for ventricular tachycardia (see Figure 16.13). 


Less often, it may be due to junctional ectopic tachycardia 
with aberrant conduction. 


Premature complex analysis 


Premature complexes may show normal or wide QRS 
morphology (aberrant or ventricular ectopy). The most 
frequent causes of premature complexes are extrasysto- 
les of supraventricular or ventricular origin (see Figures 
15.1 and 16.1). Other possible causes of premature QRS 
complexes that should be considered include: 


e parasystolic complexes (see Figures 15.2 and 16.2); 

e reciprocating complexes (if they are repetitive, they 
are indicative of a reentrant tachycardia) (see Figures 
14.10-14.15); 

e sinus captures in the presence of ventricular tachycar- 
dia (see Figure 16.15) or escape rhythm (see Figure 17.1); 
e premature complexes in the case of atrial flutter with 
variable conduction, even in atrial fibrillation; 

e premature complexes due to sinus arrhythmia (see 
Figure 17.7). 


Pause analysis 


The presence of a pause is generally a result of a passive 
rhythm (second-degree or transient advanced sinoatrial 
or AV block, or sudden depression of the sinus node 
automatism). In children and athletes, pauses are occa- 
sionally caused by a marked physiologic sinus arrhyth- 
mia (see Figure 17.7). 

Rarely, pauses are caused by an active rhythm, such as 
a blocked supraventricular extrasystole (see Figures 17.8 
and 18.5), or even a concealed junctional extrasystole that 
is not conducted to the atria or the ventricles yet pre- 
cludes the conduction of the next sinus P wave (see 
Figure 14.B—4). 


Delayed complex analysis 


Late QRS complexes are usually escape complexes (see 
Figure 17.1B), which may be narrow or wide (aberrant 
phase 4 junctional escape complexes or ventricular escape 
complexes). 

They may also be sinus complexes, as a result of a 
sudden decrease in sinus automatism with delayed nor- 
mal P wave. Sometimes delayed sinus complexes occur 
after a sinoatrial or second- or third-degree AV block 
(see Figures 17.9 and 17.10), or after a tachyarrhythmia 
episode that may be followed by a long pause (brady- 
tachy syndrome), after which a sinus P wave or an 
escape complex occurs (see Figure 15.28). To be sure 
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that the delayed complex is of sinus origin, the preced- 
ing P wave should be conducted to the ventricles (PR 
interval > 120 ms). Often, the sinus P wave occurs simul- 
taneously with the escape complex. This diagnosis is 
made because the PR interval is <120ms, or the QRS 
complex overlaps the P wave (coincident complex) (see 
Figure 17.1A). 


Analysis of the P wave, the QRS 
complexes and the ST-T of variable 
morphology (Figures 18.6-18.9 and 
Table 18.1) 


Morphology changes in the same tracing frequently affect 
QRS complexes, although occasionally the P wave and 
ST/T segment may also display changes. 


QRS complexes of variable morphology 

e Fusion QRS complexes occur when the ventricles are 
depolarized partially by the sinus (atrial) impulse and par- 
tially by the ventricular impulse (see Bayés de Luna 2011). 
e QRS complexes with different degrees of ventricular 
fusion are particularly observed in relatively slow ven- 
tricular tachycardia (see Figure 16.15), accelerated idio- 
ventricular rhythm (see Figure 16.21), or in ventricular 
extrasystoles in the PR interval (see Figure 18.6). Different 
degrees of fusion may also be found in parasystolic 
rhythms (see Figure 16.2). 

e Capture complexes may also be considered to have a 
variable morphology because are different of basal 
rhythm (Figure 16.15). They have already been discussed 
when referring to premature complex analysis (see 
Premature complex analysis, above). 

e Rare cases of Wenckebach-type bundle branch block 
QRS complexes of variable morphology may also appear 
(see Figure 18.9). 

e Sometimes QRS complexes with variable morphology 
are observed in the precordial leads V2-V5 due to 
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respiratory changes. A clear example of this is when a QS 
complex in lead III turns into qR with a deep breath 
(positional change) (Figure 18.6), which rules out that the 
Q wave is due to necrosis. 

e QRS complexes with variable morphology also include 
the various types of electric alternans of the QRS com- 
plex that may be seen in sinus rhythm and in different 
arrhythmias (AVRT, bidirectional ventricular tachycardia, 
and Figure 18.7). Table 18.1 shows the most frequent situ- 
ations in which alternating QRS/ST-T are seen (Bayés de 
Luna 2011). 


ST-T with variable morphology 

ST-T morphology changes may be irrelevant when asso- 
ciated with QRS complex morphology changes during 
deep breathing (for instance, in lead III (Figure 18.6) ). In 
this case, changes do not show alternans but a cyclical 
pattern related to respiration. 

When evident ST-T electrical alternans are observed, as 
in the case of important acute ischemia (Figure 18.7B) in 
the presence of electrolyte and/or serious metabolic disor- 
ders (Figure 18.7D), as well as in the long QT syndrome 
(Figure 18.7C), they constitute a marker for malignant 
arrhythmias and sudden death (see Chapter 21, Long QT 
syndrome). 


P waves with variable morphology 

In some instances P waves with variable morphology 
may be caused by different degrees of atrial fusion, as in 
the case of atrial parasystole (see Figure 15.2), or when 
late junctional extrasystoles are present (see Figure 15.20). 
If these are bigeminal, they may originate an evident 
alternans of the P wave. 

Various changes in P wave morphology due to other 
causes may also be found in the same ECG tracing (wan- 
dering sinus pacemaker, respiratory movements, arti- 
facts, aberrant atrial conduction, and so on, see Figures 
9.23, 9.24 and 9.28). 
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Figure 18.6 QRS-T changes during deep 
breathing in II (Qr turns into qR). 
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Figure 18.7 Typical examples of electrical 
alternans (Table 18.1). (A) QRS alternans 
in a patient with pericardial tamponade. 
(B) ST/T alternans in Prinzmetal angina. 
(C) Repolarization alternans in a congenital 
long QT syndrome. (D) Repolarization 
alternans in significant electrolytic 
imbalance in a patient with atrial 
fibrillation. (E) QRS alternans during 

a reentrant atrioventricular junctional 
tachycardia involving an accessory 
pathway (see also Figure 16.27). 
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Figure 18.8 Late trigeminal premature ventricular complexes (PVCs) occurring in the PR interval, and showing pregressive fusion degrees 


from C to E. 


Repetitive arrhythmia analysis: 
bigeminal rhythm 


Occasionally, the heart rhythm shows an irregular pattern 
over time (alloarrhythmia). If short and long RR alternate, 
we refer to this as bigeminal rhythm. On rare occasions, 
the sequences of repetitive arrhythmia are due to trigemi- 
nal or quadrigeminal rhythms (for instance, two or three 
normal ORS complexes followed by a third or fourth pre- 
mature complex). The latter are generally explained by 
the same mechanisms accounting for bigeminal rhythm, 
which will be described in the following paragraphs. 

Figure 18.10 shows different examples of bigeminal 
ORS complex, with repetitive short and long RR intervals. 
This figure illustrates the more common mechanisms, 
accounting to our experience, explaining the different 
causes of bigeminal rhythm that may be determined by 
the surface ECG. We also encourage the reader to make 
the correct diagnosis in the last tracing (k) marked with a 
question mark (see legend of the figure), and to practice 
by placing the corresponding Lewis diagram (Chapter 14, 
Preliminary considerations) for each example. 

We will now briefly comment on the key signs used for 
obtaining the correct diagnosis in the different examples: 


A. Atrial bigeminy: the atrial bigeminal wave (P’) is dif- 
ferent from the sinus P wave, as is the case when atrial 
premature systoles are observed. 

B. Ventricular bigeminy: the bigeminal QRS complexes 
are wide and show a fixed coupling interval. 

C. Concealed atrial trigeminy: the T wave of the bigemi- 
nal complexes are slightly different from the T wave of the 
sinus rhythm due to the presence of a concealed P’ wave. 
D. Escape-ventricular extrasystole sequence. The first 
ORS complex of the bigeminal rhythm is not preceded by 
a P wave. 

E. 3x2 sinoatrial block. This should be differentiated (dif- 
ferential diagnosis) from parasinus atrial bigeminy (see 
Figure 17.10). 

F. 2x1 atrial flutter alternating with 4 x 1 atrial flutter. 

G. Sinus rhythm with second-degree Wenckebach-type 
AV block with 3 x 2 AV conduction. 

H. AV junctional ectopic rhythm with a 3 x 2 Wenckebach- 
type AV block. There is no evident atrial activation. The 
patient also showed an ECG with regular junctional tach- 
ycardia with a relatively slow rate (110 bpm) (not included 
in the figure). 


I. Escape-capture sequence with different degrees of 
aberrant conduction of sinus complex (captures). 

J. Atrial fibrillation may occasionally and randomly show 
apparently bigeminal complexes. 

K. We expect the reader to detect the subtle T wave mor- 
phology changes in the bigeminal rhythm, a key factor 
in determining that it is caused by concealed atrial 
trigeminy (see C). 

The most frequent causes of bigeminal rhythm are 
supraventricular or ventricular extrasystoles. However, 
as already discussed, there are many other active and 
passive arrhythmias that may initiate bigeminal rhythm 
(Figure 18.10). Obviously, sometimes the diagnosis is 
uncertain. In this case it is advisable to review the previ- 
ous chapters and to use Lewis diagrams to determine the 
type of arrhythmia. If needed, other complementary tech- 
niques should be used (complementary leads, Lewis lead 
(Bakker et al. 2009), atrial wave amplification, T wave 
filtering (Goldwasser et al. 2011), intracavitary ECG, etc.). 


Differential diagnosis between 
several arrhythmias in special 
situations 


If the ECG knowledge set out throughout this book is 
applied, it should not be difficult to determine the type of 
arrhythmia present. However, we would like to review 
the ECG clues for some situations where reaching a cor- 
rect diagnosis is somewhat difficult. 


Sinus rhythm misdiagnosed as 
ectopic rhythm 
The patient may show moderate tachycardia (100- 
130 bpm) with no visible atrial activity. In this situation, it 
is useful to perform maneuvers that lead to rhythm 
changes (for instance, deep breathing) to assess whether 
the P wave appears, in which case it is probably sinus 
rhythm (see Figure 15.5). Occasionally, atrial rhythms 
may feature subtle changes with maneuvers, but the P 
wave polarity will usually allow for distinction between 
sinus and ectopic atrial tachycardia. 

Very rarely, misdiagnosis is due to the fact that although 
a sinus rhythm is present, the P wave is not visible (con- 
cealed sinus rhythm). This is the result of a significant 
atrial fibrosis generating potentials that cannot be meas- 
ured by a surface ECG, although they may be detected 
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MEA 


Figure 18.9 Lead I ina patient with different degrees of left 
bundle branch block. A: Progressive left bundle branch block — 
Wenckebach type (1-3). B. Intermittent left bundle branch block 
(2 and 3). C: Fixed left bundle branch block (Adapted with 
permission from Brenes et al. 2006). 


Table 18.1 Most frequent causes of QRS-T alternans 


ORS alternans ST-T alternans 


Cardiac tamponade e Serious hyperacute ischemia 

Presence of AVNRT (Figure 15.12) © ong QT syndrome 

Bidirectional VT (Figure 16.27) 

False alternans: 

— Related to breathing (in precordial 
leads) 

— Bundle branch block or WPW 2x1 

— Late bigeminal PVC. QRS 
complexes in the PR interval 


e Electrolyte imbalance 


AVNRT.: atrioventricular nodal reentry tachycardia; PVC: premature 
ventricular complex; WPW: Wolff—Parkinson—-White. 


through wave amplification techniques (Bayés de Luna 
et al. 1978) (see Figure 15.37). 

Sinoventricular conduction is a rare type of cardiac 
activation where the P wave is sometimes not visible 
because the sinus rhythm is conducted to the AV node and 
ventricles with delayed atrial activation that even may be 
hidden in the QRS complex (Bellet 1969). This type of con- 
duction usually occurs in certain cases of electrolyte disor- 
ders, such as hyperkalemia, and accounts for some of the 
rare cases of sinus rhythm with short PR interval or non- 
visible P wave (Figure 23.20). This is due (see Figure 7.3) 
to delayed atrial activation, which may explain a short PR 
interval, and may be confused with a pre-excitation with 
short PR intervals (see Figure 7.3B), or even within AV 
junctional rhythm when the delayed P wave is hidden 
with in the ORS (see Figure 7.3C). 


Differential diagnosis between 2 x 1 flutter 
and sinus rhythm 

This confusion may occur when the flutter rate is slow 
(around 200bpm) and, therefore, the rate of QRS complex 
is around 100bpm. In this situation, one “f” wave may be 


hidden within the QRS complex or it may not be appropri- 
ately observed, whereas the other “f” wave may be mis- 
taken for a sinus P wave (see Figure 15.14). For a correct 
diagnosis to be reached it is important: (i) to be aware of 
this possibility (i.e. that flutter waves may be concealed in 
the QRS complex), and (ii) to assess whether the patient has 
a fixed heart rate over time, which is not the case in sinus 
rhythm, and this therefore supports a diagnosis of 2x1 
flutter. 

Meanwhile, as previously discussed, it is often impos- 
sible to distinguish between a slow atypical flutter and a 
fast monomorphic atrial tachycardia (see Chapter 15, 
Atrial flutter). From a clinical point of view, the latter is 
not a relevant problem, because both may be considered 
the same arrhythmia, in contrast with the case where 2 x 1 
flutter is misdiagnosed as sinus rhythm, because this 
mistake may lead to incorrect diagnosis and 
management. 


Aberrant supraventricular tachycardia 
misdiagnosed as ventricular tachycardia 

In this situation, regardless of the diagnostic criteria 
already discussed (see Chapter 16, Classical monomor- 
phic ventricular tachycardias, Table 16.4 and Figure 16.16), 
when assessing a wide ORS complex tachycardia it is use- 
ful to remember the following: 


e In the presence of heart disease, and above all in ischemic 
heart disease, the arrhythmia is most likely of ventricular 
origin. 
e Ventricular tachycardias may show slightly irregular 
patterns, especially at onset. However, when a significant 
rhythm irregularity is observed, and narrow QRS com- 
plexes are present and do not meet the criteria for cap- 
tures (in ventricular tachycardia the narrow sinus captures 
are always premature) because they appear early or late, 
it is most likely atrial fibrillation in a patient with Wolff- 
Parkinson—White (WPW) syndrome, rather than ventric- 
ular tachycardia (see Figure 15.31). 

The following supraventricular tachycardias may have 
wide QRS complexes: 
e atrial 2x1 flutter in patients with WPW syndrome (see 
Figure 15.41B); 
e reentrant tachycardia with anterograde conduction over 
an accessory pathway (see Figure 16.18); 
e reentrant junctional tachycardia with anterograde con- 
duction through an atypical preexcitation tract (see Figure 
15.16); 
e typical supraventricular tachycardia with bundle branch 
block (see Figure 16.19). 


Fast paroxysmal supraventricular rhythm 

with ORS complex <0.12s and r’ in lead V1 

If in an ECG tracing atrial waves are not seen, it is most 
likely that the QRS pattern in V1 with terminal r’, which is 
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Figure 18.10 Different types of bigeminal QRS complexes. The different mechanisms are shown within the figure, except for the case K, 
which corresponds to a concealed atrial trigeminy (similar to case C). Note that in K the second T wave of each QRS bigteminy is less deep, 
as it is hidden a positive P wave. Other parts of the ECGs tracing show atrial trigeminy. This subtle T wave alteration led us to reach the 


correct diagnosis. 
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sometimes very tiny, is not due to partial right bundle 
branch block (r). The cause of terminal QRS complex 
deflection is a P’ wave with retrograde VA conduction of 
a junctional reciprocating tachycardia of AVNRT type (see 
Figures 15.11-15.13). 

If an atrial wave is observed preceding the QRS 
complex, and there is also an r’, the latter may be the sec- 
ond F wave of a 2x1 flutter that is attached to the end of 
the QRS complex. The cadence of the atrial waves (F 
waves) should be assessed with a compass to prove that 
the apparent r’ wave in lead V1 is, in fact, an F wave 
(Figure 15.33). 


Pause due to active arrhythmia 

Occasionally, concealed atrial extrasystoles initiate a 
pause that is not caused by a passive arrhythmia, but 
rather an active one. In some cases, when concealed 
bigeminy is present, a slow regular rhythm exists. The key 
in diagnosis is to demonstrate the presence of the ectopic 
P wave at the end of the T wave as a short and sharp low- 
voltage wave (Figure 18.5), or a slurring in the ascendant- 
descendent slope of the T wave (see Figure 17.8). 

If this cannot be suggested by means of a surface ECG, 
other techniques may be used to assess whether an 
ectopic P wave is actually concealed in the T wave: 
wave amplification, faster registration speed (see 


Figure 15.37), T wave filtering (Chapter 25), and use of 
special leads (see Chapter 25). 


References 


Bakker AL, Nijkerk G, Groenemeijer BE, et al. The Lewis lead. 
Making recognition of P waves easy during wide QRS complex 
tachycardia. Circulation 2009;119:92. 

Bayés de Luna A. Clinical Arrhythmology. Wiley-Blackwell, 2011. 

Bayés de Luna A, Boada FX, Casellas A, et al. Concealed atrial elec- 
trical activity. J Electrocardiol 1978;11:301. 

Bayés de Luna A, Fort de Ribot R, Trilla E, et al. Electrocardiographic 
and vectorcardiographic study of interatrial conduction distur- 
bances with left atrial retrograde activation. J Electrocardiol 
1985;18:1. 

Bellet S. Clinical Disorders of the Heart Beat. Lea & Febiger, 1969. 

Brenes C, Brenes-Pareira C, Castellanos A. Wneckebach phenome- 
non at the left bundle branch. Clin Cardiol 2006;29:226. 

Brugada P, Brugada J, Mont L, et al. Anew approach to the differ- 
ential diagnosis of a regular tachycardia with a wide QRS com- 
plex. Circulation 1991;83:1649. 

Goldwasser D, Bayés de Luna A, Serra G, et al. Anew method of 
filtering T waves to detect hidden P waves in electrocardiogram 
signals. Europace 2011, Jan 26 (pub ahead of print). 

Kistler PM, Roberts-Thomson KC,Haqqani HM, et al. P-wave mor- 
phology in focal atrial tachycardia: development of an algorithm to 
predict the anatomic site of origin. J Am Coll Cardiol 2006;48:2010. 


Chapter 19 


The Diagnostic Value 
of Electrocardiographic Abnormalities 


Introduction 


The assessment of 12-lead ECGs requires the detection of 
any abnormalities. If present, the diagnostic value and 
possible clinical implications of these abnormalities must 
be determined. 

Electrocardiography plays a key role in the diagnosis 
of arrhythmias, atrial and ventricular conduction 
abnormalities, pre-excitation, and many inherited 
heart diseases. In such cases, a diagnosis can be made 
reliably using the ECG alone. With regard to other con- 
ditions, such as chamber enlargement and the different 
stages of ischemic heart disease, the ECG is not always 
sufficient to make the diagnosis and, on certain occa- 
sions, as has already been commented on, its capacity for 
diagnosis is lower with respect to other techniques (as 
occurs with echocardiography and chamber enlarge- 
ment; see Chapter 10). Furthermore, ECG abnormalities 
used as diagnostic criteria for chamber enlargement 
(Chapters 9 and 10) or ischemia (Chapters 13 and 20) can 
occasionally be explained by other causes. Therefore, it 
is necessary to know the sensitivity, specificity, and pre- 
dictive value of the different ECG diagnostic criteria in 
each situation, in order to understand them correctly 
(Chapter 8). 

In the first group of diseases (i.e. those in which elec- 
trocardiography represents the main diagnostic tech- 
nique), the ECG is the “gold standard” for comparisons. 
When the diagnosis is incorrect, the physician interpret- 
ing the ECG tracing is usually to blame because it demon- 
strates a poor understanding of ECG tracing or a lack of 
knowledge of the criteria considered necessary to estab- 
lish such a diagnosis. For example, a delta wave and/or a 
short PR interval may be overlooked because the physi- 
cian does not know that it is pivotal for the diagnosis of a 
pre-excitation. In the second group of diseases, the phy- 
sician interpreting the ECG tracing can suspect the diag- 
nosis or even confirm it on certain occasions, can even 
assure it, especially when data for clinical correlation are 


available. An example of this type of disease is acute 
myocardial infarction. 

It is possible to diagnose certain diseases (e.g. 
advanced right bundle branch block) just by looking at 
the ECG. At other times, it may be suspected for certain 
conditions, such as right ventricular enlargement. Some 
ECG patterns may also indicate a marker for a serious 
process or a risk of sudden death (e.g. channelopathies 
and some cardiomyopathies, etc.). Often data related to 
the patient's clinical status are crucial to the interpreta- 
tion of the importance of an ECG abnormality. For exam- 
ple, in the case of the rsR’ morphology in V1 the 
importance of the clinical setting (bedside diagnosis) is 
illustrated by the following: 

A pattern of advanced right bundle branch block (QRS 

20.12s) together with tachycardia and dyspnea that 
appear suddenly in a bedridden patient suggest a signifi- 
cant pulmonary embolism. However, a similar pattern 
with no associated abnormal clinical data in an elderly 
person is not a marker for poor prognosis. 
e Anrsk’ morphology recorded in V1 in a child or adoles- 
cent with a QRS complex duration of less than 0.12s and 
normal repolarization and no change in heart rate during 
respiration must lead to suggestion of an atrial septal 
defect. The auscultation of a fixed double second cardiac 
sound and the presence of increased pulmonary flow in 
the chest X-ray support the diagnosis, which can be con- 
firmed by echocardiography. 

In the following sections we will explain how a thor- 
ough study of the ECG waves and intervals, as well as 
knowing their normal values, allows not only for the 
identification of whether an ECG tracing is within a nor- 
mal range but also for the diagnosis of an ECG abnormal- 
ity and understanding of its clinical implications. Some of 
the ECG patterns observed could correspond to normal 
variants or a pathological condition, and it is generally 
necessary to have clinical data or other techniques avail- 
able to clarify this ambiguity. SI, SII, SII morphology is a 
good example of this situation (see Figure 10.13). 
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We would like to emphasize that some aspects of this 
chapter have already been discussed in chapter 7, where 
the normal value of the different parameters are dis- 
cussed extensively. Here we describe especially the 
abnormalities of these parameters. 

We will subsequently study the different cardiac 
intervals (PR and QT) and waves (P, QRS, ST-T-U) abnor- 
malities. The reader should refer to Chapter 7 in order to 
review the normal features of all these parameters. 
We will also list the characteristics of sinus rhythm and 
the main cardiac rhythm abnormalities. 


Abnormal PR interval 


Under normal conditions, the PR interval can shorten 
with sympathetic overdrive and lengthen with vagal 
overdrive (see Chapter 7). Normal adult values are 
0.12-0.20s. The upper limit is shorter in children (0.18 s) 
and longer in the elderly (0.22s). 

A long PR interval is secondary to a first- or second- 
degree AV block (see Chapter 17) while a short PR inter- 
val is observed in various atrial arrhythmias, such as 
monomorphic atrial tachycardia (see Chapter 15), in the 
pre-excitation syndromes (see Chapter 12) and, in rare 
cases of sinoventricular conduction (Bellet and Jedlicka 
1969) (see Chapter 18, Figure 7.3). At times a pre-excitation 
syndrome presents a borderline PR interval and the delta 
wave is not very evident. These two facts may confuse the 
ECG pattern of pre-excitation with right bundle branch 


Figure 19.1 A 55-year-old patient 
with a history of paroxysmal 
tachycardia episodes and no chest 
pain. The ECG was interpreted 
for years as right bundle branch 
block plus myocardial ischemia 
(qin lead II and ST depression 
in several precordial leads). 
However, the lack of any history 
suggestive of ischemic heart 
disease, the presence of ECGs 
for more than 20 years, and the 
borderline PR interval raised 

the suspicion of pre-excitation 
(see the morphology of V2 with 
a possible delta wave). A definite 
diagnosis of Wolff-Parkinson— 
White was obtained during an 
atrial fibrillation episode and 
confirmed by electrophysiologic 
studies. 


block, right ventricle hypertrophy, or ischemic heart 
disease (Figure 19.1). 


Abnormal QT interval 


The clinical usefulness of the abnormal QT intervals 
(short QT interval and long QT interval) and the existence 
of abnormal differences in the QT interval assessment in 
different surface ECG leads (QT interval dispersion) will 
be examined. Normal QT interval characteristics have 
been shown in Chapter 7, and how the interval should be 
measured is also discussed. We will refer here to the heart 
rate-corrected QT interval (QTc) (see Figures 7.4 and 7.6), 
although an excessively long non-corrected QT interval, 
>440-460ms and, especially when >500ms, is always 
pathological. Occasionally this measurement is quite dif- 
ficult because the T wave is flattened and/or it is not 
absolutely clear whether a U wave is present or not. There 
are inherited and acquired causes of short and long OT 
that will be discussed in depth in Chapters 21 and 24. 


Short QTc interval 

Some rare cases of very short QT interval not related 
to any known etiology and in all different heart rates in 
families with a history of sudden death have also 
been described as newly inherited heart disease (short 
QT interval syndrome) (Gaita et al. 2003). Recently, a 
diagnostic score has been published (Gollob et al. 2011) 
(see Chapter 21, Table 21.7, and Figure 21.13). 
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Table 19.1 Predisposing factors for QT interval prolongation 


e Heart disease: Ischemic heart disease, heart failure, etc. 

e ECG alterations: baseline prolonged OT, abnormal U wave, T wave 
alternans, deep and negative T wave, significant bradycardia 

e Acute neurological accidents 

e lonic and metabolic alterations: diabetes, anorexia, hypoglycemia, 
hypothyroidism, obesity 

e Septic shock 

e Female sex 

e Advanced age 

e Hypothermia 

e Intoxications 


A somewhat short QT interval can occasionally be seen 
in cases of early repolarization (ER), a pattern considered 
benign but that in some cases may have a bad prognosic 
significance due to the association with idiopathic 
ventricular fibrillation (Haïsaguerre et al. 2008) (see 
Chapter 24, Figure 24.8). In fact, a high prevalence of early 
repolarization in the presence of short QT syndrome has 
been recently reported (see Chapter 24). 

An acquired short QT interval is found as a conse- 
quence of digitalis administration; this effect begins dur- 
ing the therapeutic range, but it is clearly more evident in 
digitalis toxicity (Figures 23.14 and 23.15). In some ionic 
imbalances such as hypercalcemia and hyperkalemia a 
short QT interval is observed (Figure 23.22). 

According to some authors, a very short QT interval in 
Holter recordings could be, like the long QT interval, a 
marker of poor prognosis (Algra et al. 1993). 


Long QTc interval 

A long QTe interval occurring in the setting of an inher- 
ited long QT syndrome is a marker of sudden death sec- 
ondary to malignant ventricular arrhythmias (Jervell and 
Lange-Nielsen syndrome and Romano-Ward syndrome) 
(Zareba et al. 1998; Schwartz et al. 2001; Moss et al. 1995). 
This is discussed in Chapter 21 (Inherited heart diseases). 

Acquired long QT may be seen in post-infarction 
patients (Schwartz and Wolff 1978), and during stroke 
and ionic abnormalities. The latter sometimes occurs in 
the presence of severe conditions, such as sepsis, toxic or 
metabolic shock, and may trigger ventricular fibrillation 
(see Figure 24.7). The factors that predispose to prolonga- 
tion of the QT interval are listed in Table 19.1. 

A significant amount of evidence has been reported 
showing that repolarization can be lengthened by the 
action of a variety of drugs. Table 19.2 shows the different 
types of drugs associated with lengthening the QT interval 
and the potential risk of arrhythmias (for more information 
consult www.qtdrugs.org). Recently, health agencies (FDA, 
EMEA) have imposed strict control of new drugs affecting 
repolarization because even a relatively slight lengthening 
of the QT interval due to the use of these drugs can be 
related to the development of torsades de pointes and 


Table 19.2 Drugs associated with QT prolongation and potential 
arrhythmogenic risk (for more details, please consult www. 
qtdrugs.org) 


Antiarrhythmic drugs: Generally, types | and IIl. Also recently 
studied drugs (azimilide, ibutilide). 
Propafenone is probably less risky, in the 
absence of heart failure 

A drug with less antiarrhythmic effect, 
despite the fact it significantly prolongs the 
OT interval, is amiodarone and 
dronadorone (see text) 

Type II and IV drugs are safe 

Azithromycin, clarithromycin, erythromycin 
Ciprofloxacin, levofloxacin, etc. 
Amitriptyline, disopyramide, fluoxetine, 
imipramine, paroxetine, etc. 

Haloperidol, risperidone 

Terfenadine (withdrawn) 

Cisapride (withdrawn) 


Macrolide antibiotics: 
Fluoroquinolones: 
Antidepressants: 


Antipsychotics: 
Antihistaminics: 
Gastrointestinal tract: 


sudden death (Sarapa et al. 2004). Among these drugs, 
class I antiarrhythmic drugs as well as several drugs with 
different therapeutic properties, such as terfenadine and 
cisapride, are included (see Chapter 24). On the other hand, 
the long QTc interval that is observed following the 
administration of amiodarone can be associated with a 
beneficial antiarrhythmic effect (GSurawicz and Knoebel 
1984). This is most likely explained by the fact that, even 
when repolarization is lengthened, this lengthening is 
homogeneous, producing less refractory period dispersion 
and a lower risk for reentry arrhythmias. 


QT interval dispersion 

QT dispersion represents the difference in QT measure- 
ment in different leads. In general, there is not much 
difference in healthy individuals (<50 ms) (low OT disper- 
sion). Significant differences in length have been reported 
in patients with congenital long QT interval (> 80-100 ms) 
and, to a lesser extent, in post-infarction patients and those 
with other heart diseases (Day et al. 1990). A long QT inter- 
val is considered to be a sign of poor prognosis (Surawicz 
1996; De Bruyne et al. 1999). Some conflicting results have 
also been reported (Zabel et al. 1998). 

Certain doubts still remain regarding the electrophy- 
siological explanation of QT interval dispersion. The 
authors who demonstrated in experimental studies that 
differences in the QT interval length could be explained 
by a local effect, meaning differences in the duration of 
repolarization in different areas in the heart (Zabel et al. 
1995), have not found QT interval length to be useful in 
clinical practice, even when using the best parameters to 
measure QT dispersion (Zabel et al. 1998). Meanwhile, the 
Rotterdam group considers that the QT interval dispersion 
is not secondary to repolarization duration heterogeneity, 
but rather a projection effect, which refers to the 
impossibility of measuring the end of repolarization in 
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some leads because the final part of the T wave loop, 
especially when round, does not generate measurable 
vectors since its projection on such leads is null (Kors et al. 
1999). The group has found that the QT interval and the 
QT interval dispersion measurement are good clinical 
parameters to stratify prognosis (De Bruyne et al. 1999). 

These discrepancies regarding the mechanism account- 
ing for QT interval dispersion are an added disadvantage 
in assessing its usefulness. Certainly the latter is limited 
since the methodological problems inherent in the way 
that QT dispersion is measured, the type of equipment that 
should be used (for greater accuracy, all 12 leads should be 
assessed), and the normal limits are not still not known. 

To summarize, QT interval dispersion is clearly found 
in some heart diseases, such as inherited long QT syn- 
drome, where measurements > 80-100 ms are often seen. 
However, some doubts still remain due to the methodo- 
logical limitations regarding clinical usefulness when 
measurements are just slightly above the normal values 
(between 60 and 80ms), as frequently occurs in post- 
infarction patients and in those with heart failure 
(Surawicz 1996). Consequently, the measurement of the 
QT interval dispersion has not been systematically 
accepted in acquired heart disease for clinical practice. 
Exceptionally, it is sometimes used in clinical pharmacol- 
ogy to assess the potential proarrhythmic effect of some 
drugs that alter repolarization. 


Abnormal P wave 


Normal P wave characteristics have been described in 
Chapter 7 in terms of morphology, voltage, and spatial 
direction (AP). We will now comment on the clinical use- 
fulness of some of the P wave abnormalities. 


Abnormal P wave axis (AP) 

With regards to the AP, verticalization of the heart shifts the 
AP to the right, no more than +90° (flattened P wave in I), 
while horizontalization shifts it to the left. Under patho- 
logical conditions, such as right atrial enlargement in adults 
(cor pulmonale, valvular heart diseases with right-side 
compromise), AP is usually deviated to the right (P pulmo- 
nale), although no further than +90° (see Chapter 9). In 
addition, it is relatively common in patients with congeni- 
tal heart diseases with right-sided involvement that the AP 
is somewhat deviated to the left, just as it is in cases with 
left atrial enlargement (P congenitale) (see Chapter 9). 


Abnormalities of the morphology 

and voltage of the P wave 

With regards to P wave morphology and voltage, the 
following must be highlighted: 

e AP wave taller than 2.5mm or wider than 0.10s must be 
considered pathological (see Figure 7.8). However, P 


wave height can increase in normal individuals with sym- 
pathetic overdrive and hypoxia, or can even be modified 
clinically with respiration. It can be hidden or at least 
masked within the ST segment during exercise. 

e The sinus node P wave should never be negative in lead 
I. If present, it can be explained by three mechanisms: arti- 
facts (electrodes interchange in the arms); congenital heart 
disease with atrial inversion, with the right atrium on the 
left side, such as in dextrocardia; or an ectopic rhythm, the 
most frequent explanation. 

e A positive or + but predominantly positive P wave is 
seen in V1 under normal conditions. Left atrial enlarge- 
ment must be suspected when in the presence of P wave 
duration greater than 100ms, a + P wave with predomi- 
nant negativity and a slow recording of the negative 
slope is observed (see Chapter 9 and Table 9.2). The pres- 
ence of isolated partial interatrial block also prolongs P 
wave duration but the P wave in V1 does not have a pre- 
dominant negative mode (see Figure 9.12). Some patients 
with cor pulmonale or simply pulmonary emphysema 
may exhibit a + P wave in V1—or even a negative low- 
voltage P wave, although in this case the duration of the 
P wave is normal and the ascending slope of the P wave 
negative deflection is not as slow, as in the case of left 
atrial enlargement. Furthermore, the P wave may be tran- 
siently pathological in V1 (predominance of the negative 
component) in the presence of acute pulmonary edema 
(see Figure 9.13). 

e A+ P wave in IL, II, and VF is always pathological. An 
advanced interatrial conduction block with left atrial ret- 
rograde activation is the underlying explanation (Bayés 
de Luna et al. 1985, 1988) (see Figure 9.16). We have dem- 
onstrated that the presence of this type of interatrial block 
is quite frequently accompanied by supraventricular 
arrhythmias, especially non-common atrial flutter (Bayés 
de Luna et al. 1988), and thus is considered a new arrhyth- 
mic syndrome (Daubert et al. 1996). 

e It should be remembered that the atrial repolarization 
wave (Ta) is usually masked by the QRS complex. 
However, it can be visualized both in normal (sympa- 
thetic) and pathological (e.g. atrial infarction, pericarditis, 
long PR interval) situations (see Chapter 9). 

e The ECG criteria for right and left atrial enlargement 
may be seen in Tables 9.1 and 9.2. Chapter 9 also discusses 
all the ECG characteristics of the different types of intera- 
trial blocks. 


Abnormal ORS complex 


Characteristics of the normal QRS complex in terms of 
voltage and morphology, as well as the QRS complex nor- 
mal spatial orientation (AQRS). have been described in 
Chapter 7. The clinical usefulness of some of these QRS 
complex abnormalities will be discussed. 
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Abnormal AORS 

In most cases, normal AQRS ranges between 0° and +90°, 
but it can be found anywhere between -30° and +100° in 
quite horizontalized or verticalized hearts, respectively 
(see Chapter 7). 


Right deviated AQRS 
An AQRS very deviated to the right in patients with no 
heart disease or with no vertical heart could be explained 
by the presence of fewer than normal Purkinje fibers in 
the left ventricular apical (anteroseptal) area. This would 
cause a depolarization delay in this area, with the subse- 
quent AQRS deviation to the right. This hypothesis can- 
not be easily demonstrated. For that it would be necessary 
to perform necropsy studies in healthy subjects without 
the vertical heart dying accidentally, and patients in 
whom a previous ECG recording with an AQRS very 
deviated to the right was available. 

The pathological situations in which an AQRS evi- 
dently deviated to the right is found are the following: 
e right ventricular enlargement either isolated (see 
Figure 10.3) or associated with right or left bundle branch 
block (see Chapters 10 and 11); 
e inferoposterior hemiblock either isolated (Figure 11.42) 
or associated with right bundle branch block (RBBB) (see 
Chapter 11); 
e some types of Wolff-Parkinson—White (WPW) syn- 
drome (see Chapter 12, Figure 12.7); 
e some infarctions usually of the anterior and/or lateral 
wall (see Chapter 13, Figures 13.69 and 13.93); 
e a pacemaker located in the left ventricle (see Chapter 17). 


Left deviated ÂQRS 
AQRS hyperdeviation to the left can reach -30° due to a 
simple position change (cardiac horizontalization) or left 
ventricular enlargement. In theory, this could also occur in a 
healthy subject due to a mechanism similar to that used to 
explain AQRS deviation to the right in the absence of heart 
disease or cardiac verticalization (i.e. fewer Purkinje fibers 
in the left ventricle anterolateral area). In this case, in the 
absence of heart disease, a depolarization delay in this area 
would be generated, thereby shifting the QRS axis to the left. 
The pathological situations that could present with a 
left AQRS deviation greater than —30° are the following: 
e superoanterior hemiblock (SAH) either isolated (see 
Figure 11.35) or associated with RBBB (see Chapter 11); 
e some inferior infarctions, with or without associated 
superoanterior hemiblock (see Chapter 13, Figure 13.98); 
e some cases of type II WPW syndrome (see Chapter 12, 
Figures 12.5 and 12.6); 
e a pacemaker located in the right ventricular apex (see 
Chapter 17, Figure 17.17); 
e advanced left bundle branch block with delayed transeptal 
depolarization in the superoanterior area (due to associated 
right peripheral block or SAH) (see Chapter 11, Figure 11.29). 


The most difficult challenge is to differentiate between 
a normal variant and a pathological situation in cases 
with a “borderline” AQRS deviation to the left (close 
to —30°). These cases can be explained both by a partial 
superoanterior hemiblock or left ventricular enlargement, 
as well as a normal variant. The evolution from a normal 
AQRS close to —30° to an AQRS very deviated to the left 
(-60°) would confirm that a “borderline” AQRS is the 
expression of a partial SAH (see Figure 11.38). 


Indeterminated AQRS 

The AQRS cannot be measured on certain occasions. This 
occurs in the presence of an SI, SII, SII morphology, in 
which an evident S wave with S = R in all three frontal 
plane bipolar leads is observed (see Figures 11.19). 
Although the overall AQRS cannot be measured, the 
direction of the electrical forces in the first and second 
parts of the QRS complex can be obtained. This type of 
recording can be found in three situations: 

enormal variant with the cardiac apex of the heart 
directed backwards or with fewer Purkinje fibers in the 
basal area of the right ventricle (Bayés de Luna et al. 1987) 
(see Figure 7.27); 

e right ventricular enlargement (see Figure 10.13); 

e peripheral block of the right bundle branch 
(see Figure 11.19). 

Absolute differentiations between these three possibili- 
ties using a surface ECG recording alone are sometimes 
impossible (see Chapters 10 and 11). The presence of a 
pathological P wave and, of course, auscultation, physical 
examination, other complementary ECG techniques, and 
especially an echocardiogram along with other imaging 
techniques that allow us to detect an associated right-side 
pathology, may be useful (Bayés de Luna et al. 1987). 


The utility of the AQRS-AT spatial angle 

At the early days of ECG utilization, great importance 
was given to the angle between the depolarization (QRS 
complex) and repolarization (T wave) spatial orienta- 
tion, the so-called “ventricular gradient” (Wilson et al. 
1934). Recently, this concept has been revisited and the 
usefulness of the AQRS-AT spatial angle measurement 
(angle between AQRS and AT) and the analysis of T 
wave morphology loop as a prognosis predictor has 
been demonstrated both in the post-infarction setting 
(Zabel et al. 2000) and in the general population (Kardys 
et al. 2003). Recently new studies have been reported (see 
Chapter 3. Improving the capacity of the ECG). 


Abnormal ORS complex duration and voltage 
ORS voltage 

Normal QRS voltage varies significantly, according to 
age and sex (see Tables 7.3-7.5). The normal upper range 
in different leads is difficult to determine, but QRS 
complexes 220mm in I and II or 211mm in VL are rarely 
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seen. However, QRS complexes of up to 25-30mm or 
more can be seen in left precordial leads, especially in 
adolescents, with no left ventricular enlargement. It is 
also seen in some elderly subjects, mainly in very thin 
women. ECG criteria for ventricular enlargement accord- 
ing to the QRS complex voltage and its limitations are 
discussed in Chapter 10 (Tables 10.1-10.8). 


Low QRS complex voltage 

Abnormal low QRS voltage exists when the sum of QRS 
voltage in leads I, II, III of the frontal plane is lower than 
15mm, and in precordial leads if the amplitude of the 
largest QRS deflection is 8mm or less. 

Low voltage can be found in the absence of heart dis- 
ease when a frontier factor (obesity, pleural effusion, peri- 
carditis, emphysema, or myxedema, etc.) exists. It is 
frequently seen in patients with dilated cardiomyopathy 
in the frontal plane, but not in the horizontal plane and 
also in some cases of ischemic heart disease (see Chapters 
13, 20, and 22). 

In dilated cardiomyopathy the QRS voltage in V3 is 
much higher in cases of idiopathic etiology than in cases 
of ischemic etiology (Bayés-Genis et al. 2003). 

The ORS complex voltage is usually high in hyper- 
trophic cardiomyopathy. However, the presence of a rel- 
atively low voltage has been described as a marker of 
heart failure in the long term (Ikeda et al. 1999) (see 
Figure 21.4). 


High QRS voltage 

ORS complex voltage is higher than the range considered 
normal in various heart diseases, especially in different 
types of ventricular enlargement (see Chapter 10). 
However, there are many factors that modify the QRS 
voltage, interfering with the diagnosis of left ventricular 
enlargement (see Chapter 10). 

In addition, QRS complex voltages above the normal 
range are sometimes seen in apparently healthy 
individuals, especially in very lean individuals (see 
Chapter 10). 

The following parameters may be considered probably 
abnormal: 

e initial or terminal R wave in VR greater than 3-4mm; 
e an R wave in VL >11mm; 
e an R wave in VF >20mm. 

The ECG criteria for high QRS voltage in frontal and 

horizontal plane leads are discussed in Chapter 10. 


QRS duration 

ORS complex duration in right precordial leads is usually, 
under normal conditions, slightly longer (0.01-0.02s) that 
of frontal plane leads. A AQRS complex duration 20.12s is 
always abnormal and is explained by significant intraven- 
tricular conduction blocks or pre-excitation. Ventricular 
enlargement may reach 0.12s if parietal or fascicular 
blocks are associated (see Chapters 10 and 11). 


The intrinsicoid deflection time (IDT) (time from the 
beginning of QRS to the peak of R) is increased in some 
cases of ventricular enlargement and in ventricular blocks 
(see Chapters 10 and 11). However, some athletes and 
individuals presenting with vagal overdrive with a nor- 
mal heart may exhibit an IDT in V5-V6 that is above 
normal. 


Abnormal ORS complex morphology 
Pathological Q wave 

The characteristics of the normal “Q” wave in each lead 
are described in Chapter 7 (see QRS complex), and the 
identification of a pathological “Q” wave is explained in 
Chapter 13 (Table 13.7). Any pathological “Q” wave 
should be assessed taking into account the clinical setting. 
The first possiblity to consider is a pathological Q wave 
secondary to ischemic heart disease. A lack of coronary 
symptoms does not imply the absence of ischemic heart 
disease; it should therefore be ruled out by the history 
taking and complementary techniques. 

In the absence of ischemic heart disease, the presence 
of a pathological Q wave can be explained by one of the 
following causes (see Table 13.9): 

e normal variants (thoracic anomalies, position chang- 
ing, etc.); it is especially important to bear in mind that 
a deep “Q” wave can be recorded in lead III due to a 
change in position (see Figure 18.6) and that a QS mor- 
phology can often exist, especially in the elderly in V1 
and even in V2 in the absence of evidence of underly- 
ing heart disease (see later and Chapter 7, Elderly 
people); 

e right or left ventricular enlargement (hypertrophic 
cardiomyopathy (see Figure 10.24) or dilated or restrictive 
cardiomyopathy (see Figure 22.3)) and many other 
diseases with myocardial involvement (see Table 13.9); 

e advanced or even partial left bundle branch block 
(QS in V1-V2) (see Chapter 11); 

e WPW syndrome, etc. (see Chapter 12). 


Morphologies with a significant or predominant 
R wave in V1 (R, R 2S, rsR’ (r’)) 
Normal and pathological conditions that can exhibit a 
predominant R wave or ar’ (R’) wave in V1 are shown in 
Table 10.3. 

Pathological conditions include: 
e right ventricular enlargement and biventricular enlarge- 
ment (see Chapter 10); 
e septal hypertrophy in cardiomyopathies (see Chapters 
21 and 22); 
e typical or atypical partial and advanced RBBB (see 
Chapter 11); 
e Some types of WPW syndrome (see Chapter 12); 
e some type of Brugada pattern (see Chapter 21); 
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e lateral myocardial infarction with a predominant R 
wave in V1 (see Chapters 13 and 20); 
e block of the middle fibers of the left bundle branch could 
probably explain some cases of RS morphology in V1-V2 
especially if is transient (Chapter 11). 

A predominant R wave or r’ (R’) wave in V1 could also 
be a normal variant. 

An rSr’ morphology found in normal children usually 
exhibits the following characteristics: (i) a low-voltage 
initial r wave (exceptionally 28mm), (ii) an r’ wave of 
<6mm, and (iii) an rSr’ morphology modified with deep 
breathing (see Figure 7.40). In contrast, in most congenital 
heart diseases and in over half the cases with acquired 
heart disease, an rSr’ morphology is usually above the 
mentioned values. Also supporting the possibility that 
the rSr’ morphology is abnormal is the lack of an evident 
S wave in leads I and V6 and the presence of a pathologi- 
cal P wave or ORS complex. 

An rsr’ morphology can be secondary to a V1 electrode 
located too high in terms of cardiac position (second or 
third right intercostal space) in very lean individuals with 
a longilineal thorax. The P and T waves are usually nega- 
tive in these cases, because the electrode located above the 
normal position records the tail negativity of the vectors 
corresponding to the P and T waves, while the initial r 
wave could be minimal, if present, when the initial ven- 
tricular depolarization forces are directed downwards. 
When the V1 electrode is located in the correct position 
(fourth intercostal space) the rSr’ pattern disappears (see 
Figure 11.18). 

Frequently, an rSr’ morphology is found in individu- 
als with thoracic abnormalities (pectus excavatus and 
straight back syndrome) in the absence of underlying 
heart disease. It is attributed to the change in heart posi- 
tion in these cases, caused by a reduction in the thoracic 
anteroposterior diameter. Usually the P wave in V1 is 
negative. Some of these patterns occur with a slight 
upward deviation of the ST segment that is convex to 
the isoelectric baseline (“saddle-back” pattern) (see 
Figure 7.16). 

Similar patterns with rSr’ may be also seen in athletes. 
Figure 7.16 shows the more important ECG characteristics 
used to differentiate rSr’ in athletes from a similar ECG 
pattern seen in patients with pectus excavatum and type 
II Brugada pattern. It is important to remember that the r’ 
wave seen in patients with thoracic deformities (pectus 
excavatum) and athletes or when electrodes are incor- 
rectly placed is narrow, while the r’ observed in the 
Brugada’s syndrome is usually wide (see Chapter 21). 

Taller-than-normal R waves (R = S) in V1 with low- 
voltage R could correspond to a normal variant in adults 
who were born post-term. In addition the presence of 
prominent R in V1-V2 may theoretically be caused by the 
presence of fewer than normal Purkinje fibers in the apical 
(anteroseptal) area, producing a delayed depolarization 
at that level. Finally, an extreme levorotation can also 


favor the occurrence of RS morphology in V2 and, 
possibly, even in V1 (see Table 10.3). 


Absence of a q wave in I, VL, and V6, and 

absence of an r wave in V1 (V1—V2) in patients 
with a ORS complex <0.12s 

The presence of an old septal infarction can explain the 
QS morphology in V1-V2, especially in the presence of 
symmetrical negative T waves. This may be further sug- 
gested in the ECG by the presence of qrS or fragmented 
ORS in V1-V2. 

A slight delay in the stimulus conduction through the 
left bundle branch due to a partial left bundle branch 
block (LBBB) can explain the lack of a “q” wave in leads I, 
VL, V5, and V6, and the lack of an “r” in V1. This causes 
the left septal area to be depolarized late and, therefore, 
the initial forces of the ventricular depolarization—which 
are generated in the left heart—are thus counteracted by 
the forces arising from the right side (bundle). Naturally, 
this can also explain why a QS and unique R wave pattern 
are the morphologies found in V1 and V6 in the presence 
of an advanced LBBB. 

QS morphology in V1 and sometimes (2 and absence of 
“q” in V6 with R pattern, may also be explained, as an 
isolated abnormality, simply by septal fibrosis, which can 
generate a similar pattern of partial LBBB because of the 
lack of the septal vectors. However, the lack of septal “q” 
wave is not considered a strong criteria for block of mid- 
dle fibers as was suggested by McAlpin 2004) (see Chapter 
11). (Bayés de Luna et al. 1983). Occasionally, a small “r” 
wave can exist in V1 as the expression of the depolariza- 
tion forces corresponding to the right ventricle. 

Furthermore, a poor progression of the “r” wave from V1 
to V3 can occasionally be seen in elderly individuals in the 
absence of any underlying heart disease, which may also be 
related to septal fibrosis or partial LBBB (see Figure 7.45). 


ORS complex alternans 

In Chapter 18 (see also Figure 18.7 and Table 18.1), the P 
wave, ORS-T complexes, and waves with variable morphol- 
ogy including all types of electrical alternans are described. 


Repolarization abnormalities: from 
innocent to very serious findings 


Any change in the normal repolarization parameters (see 
Chapter 7) can be considered a repolarization abnormal- 
ity. Therefore repolarization abnormalities encompass not 
only any change of ST segment and T and U waves that 
are not considered normal, but also the changes of QT 
duration and dispersion previously described. 

For many years repolarization abnormalities have been 
divided into minor and major or evident categories. The 
first are considered small deviations of the ST segment (ups 
and downs of ST <1mm) and the T wave (small changes in 
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Figure 19.2 How to rule out non-ischemic pain in patients who present at the Emergency Department with thoracic pain: types of thoracic 
pains, diagnosis at arrival, and how to proceed to reach a final diagnosis (see text). 


morphology with more symmetric T wave and/or subtle 
changes in voltage) and minor changes in the U wave. 
Major changes are considered to be evident ST changes 
(ups and downs of ST) and an evident negative T wave. 

Currently any change of repolarization may or may not 

represent one of the following: 

e an ECG sign of ongoing acute cardiac ischemia; 

e amarker of post-ischemic change; 

e evidence of other heart diseases (pericarditis, ventricu- 
lar enlargement, ventricular blocks) or other pathologies, 
or various circumstances (drugs, alcohol, etc.) (see 
Chapter 23); 

e some variant of normal pattern. 

With this in mind, ECG change must be assesed not 
only in relation to the morphological importance of the 
change, but specially in the light of clinical context. In 
fact, a large ST elevation or depression is always an alarm- 
ing finding, but a strikingly negative T wave is not usu- 
ally a marker of emergent problems. However, any small 
ST shifts or even the presence of minor T wave abnormali- 
ties may be considered dangerous in the context of possi- 
ble acute coronary syndrome (ACS). In this context we 
will now comment on the presence of repolarization 
changes in various clinical settings. 


ST-T changes in a patient presenting with 
acute chest pain or the equivalent: 

diagnostic approach 

It is important to consider every possibility to explain 
acute chest pain or equivalent (e.g. tenderness, oppres- 
sion, or sudden dyspnea, etc.). Figure 19.2 shows how to 


rule out non-ischemic patients arriving at the Emergency 
Department with chest pain. Sometimes it is easy to 
conclude that the pain is non-ischemic, or to diagnose 
ischemic origin, but in approximately 25-30% of cases the 
pain is dubious and we need to perform complementary 
explorations to reach a definitive conclusion. 

We will now discuss the importance of history taking, 
blood tests, and especially the surface ECG, bedside diag- 
nostic methods that may be used in any medical center 
and usually are sufficient to arrive at a diagnosis. 

The following possibilities should be considered in a 
patient with acute chest pain (Figure 19.2). 


Chest pain of ischemic origin 

From the ECG point of view, in Chapter 13 we explained 
all the ECG changes related to acute ischemia and its dif- 
ferential diagnosis. Now we would just like to stress that 
sometimes it is very easy to diagnose because the patient 
presents with clear changes in the ST segment (ST eleva- 
tion myocardial infarction (STEMI) or non-STEMI) that 
may suggest acute coronary syndrome, although other 
pathologies, such as pericarditis, myocarditis, dissecting 
aneurysm, and even normal variant (early repolariza- 
tion), should be ruled out. Table 19.3 shows the most 
important data taken from clinical history, ECG, and 
blood tests to perform this differential diagnosis. 

The first ECG manifestation of a possible STEMI is 
often a tall and wide T wave that is usually a very tran- 
sient pattern evolving into STEMI. Sometimes this pattern 
is persistent. According to Birnbaum and co-workers 
(1993) these patients present with grade I of ischemia, but 
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Table 19.3 Differential diagnosis between pericarditis, early repolarization, acute coronary syndrome, and dissecting aneurysm 


Pericarditis Early repolarization Acute coronary syndrome Dissecting aneurysm 
Medical history Any age Any age. Often in Exceptional before the age Adults and elderly 
Age young people with vagal of 30 
overdrive /or sportsmen 
Risk factors for ischemic No Sometimes ventricular Often Often. Frequent in patients with 


heart disease/sudden 
death 

Previous respiratory 
infections 

Pain characteristics 


ECG 


Blood tests 


Evolution 


Frequent. Sometimes 
fever 

Visceral pain often with: 
e Pain increase during 
respiration. It may seem 
that pain increases with 
the exercise because 
the latter increases 
respiration frequency 

e Typical radiation 
towards the left shoulder 
e Sometimes recurrent 
e ST elevation in the 
early phase. Often, but 
not always convex with 
respect to the isoelectric 
line; presented mainly 
in the precordial leads 

e Sometimes typical 
evolutive changes 

(see Figure 22.9) 

e Often PR segment 
elevation in VR and 
depression in II (see 
Figures 9.3 and 22.10) 

e There is no change 
during an exercise 
stress test 
Mild-moderate elevation 
of the troponin 
(perimyocarditis) 


In general, good clinical 
evolution 

Sometimes evolutive 
ECG changes, but not 
always typical (see 
Figures 22.9 and 22.10) 
Q wave is missing 


fibrillation (see Chapter 24) 
No (occasional) 


Can coexist with 
osteo-articular pain or 
pain of any other origin 
(see Figure 19.2) 


e ST elevation, convex with 
respect to the isoelectric 
line. In general not 

>2-3 mm, mainly in 
precordial leads from 
V2-V3 to V4-V5 

e Sometimes in the inferior 
wall slurrings at the end 

of QRS 

e Elevation of PR segment 
not evident 

e The ST elevation 
disappears during a stress 
test (Figure 19.5) 


Within the normal range 


e Usually no change 
e Occasionally related to 
sudden death (Chapter 24) 


Reproduced with permission from Bayés de Luna and Fiol-Sala (2008). 
MI: myocardial infarction; HBP: high blood pressure. 


in other series (De Winter et al. 2008) it seems that the 
grade of ischemia is at least moderate and often also pre- 
sents with an upsloping ST depression (see Figure 20.9). A 
complete occlusion of LAD is frequently found in these 
cases but the presence of collateral circulation/precondi- 
tioning diminishes the impact of the occlusion and 


No (occasional) 


e Ischemic pain often with 
typical irradiation (see text) 
e During rest or light 
exercise 

e Can be present in any 
part of the thorax, and even 
any pain above the navel is 
suspicious 


e ST elevation, which in 

its most typical form is 
concave with respect to 
the isoelectric line, usually 
evident 

e PR elevation in VR is not 
frequent. It can be present 
in atrial MI, but then there 
is clear signs of Q-wave MI 


Can be within the normal 
range (unstable angina) or 
elevated, very often with 
important increase 

Often evolution into Q wave 
and non-Q wave MI 


hypertension 
No (occasional) 


Intensive, visceral pain, mainly 
located in the back of the 
thorax. If this occurs, it is 
always important to rule out 

a dissecting aneurysm or 

an MI of the lateral wall 


e No typical pattern. In general 
is related to the associated 
diseases (HBP previous 
ischemic heart disease) 

e ST elevation as a mirror 
pattern (Figure 19.4). 


e In general, no increase 
troponin 

e Increase D-dimer (high SE, 
low SP) 

Often bad evolution/prognosis 


explains the ECG pattern having not only tall T wave but 
also some grade of ST depression. The upsloping ST 
depression plus tall T wave is a result of the presence of 
very important subendocardial involvement that includes 
zones with more subendocardial ischemia patterns (ST 
depression-ECG pattern of injury) or less subendocardial 
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ischemia (tall T waves). If the patient is left untreated, 
usually clear transmural homogeneous involvement will 
appear accompanied by ST elevation evolving into myo- 
cardial infarction (see Figures 20.8 and 20.9). 

A patient may appear in the Emergency Department or 
Medical Outpatient Department because he or she has 
had chest pain of dubious origin in the past 24-48 hours, 
although sometimes the patient is more anxious because 
of the location rather than because of the intensity of the 
pain. The ECG is usually normal, or in any case only small 
changes appear that have to be considered together with 
any previous ECGs if they exist. This comparison may 
help to evaluate any small changes of repolarization that 
may be misinterpreted with only one ECG (see Figure 
20.16). These small changes may be dangerous in the clin- 
ical context of recent past chest pain. It is necessary to 
start medical treatment, but in the absence of chest pain 
the practice of percutaneous coronary intervention (PCI) 
may be considered urgent. 

Sometimes patients will come to the Emergency 
Department because of acute chest pain but upon arrival 
the pain temporally disappears and the ECG shows an ST 
elevation evolving to a deep negative T wave, or the nega- 
tive T wave is the only ECG change recorded during the 
stay in the Emergency Department. This pattern, usually 
seen in V1-V2 to V4-V5 in cases of LAD compromise, is a 
sign of an at least partially open artery and therefore it is 
not necessary to perform an emergency PCI; on the other 
hand, when there is a persistent ST elevation this repre- 
sents acute ischemia and myocardial muscle in danger: 
“time is muscle,” and an emergency PCI is needed. 

A deep and negative T wave that appears in the evolu- 
tive phase of a STEMI before evolving into a Q wave myo- 
cardial infarction means that the artery is totally or partially 
open, and this is a marker of post-ischemic change. How- 
ever, this does not means that the problem is over. If the 
artery is re-occluded again (new thrombus or coronary 
spasm), this post-ischemic pattern may show a pseudonor- 
malization of the T wave and if occlusion persists, a new 
ST segment elevation may soon appear (Figure 20.6B). At 
other times the clinical state stabilizes and the ECG stays 
the same with negative and deep and T waves in V1-V4 for 
months. These cases usually have an open artery or at least 
the flow of blood is correct at this time, thanks to a very 
good collateral circulation/ preconditioning. Nevertheless, 
the normalization of this negative T wave with time is a 
sign of a better prognosis (Tamura et al. 1999) (Chapter 20). 

We always have to remember that in a few cases the 
ECG remains normal or unmodified during an ACS (see 
Chapters 13 and 20). 


Cardiovascular non-ischemic pain 

It is essential to perform differential diagnosis with 
pericarditis, myocarditis, and some other processes. As 
already mentioned, Table 19.1 shows the most important 


clinical, blood test, and ECG characteristics that help to 
differentiate ACS with ST elevation from acute pericardi- 
tis, dissecting aneurysm, and early repolarization. 

In pericarditis the ST segment elevation is not usually 
very striking although there are exceptions. It is not fol- 
lowed by a Q wave and the negative T waves are not very 
deep and do not usually have evident mirror images. 
However, sometimes differential diagnosis is difficult (see 
Chapter 13; Figure 19.3) (Spodick 1982; Gintzon et al. 
1982). Occasionally when myopericarditis exists, both the 
ST segment elevaton and T wave may be more evident 
and difficult to distinguish only with the ECG from ACS 
(Figure 13.18). Furthermore, a mild increase in troponin 
levels sometimes make the diagnosis more difficult. 

It would be a mistake to interpret the ST elevation in 
V1-V2 as a primary pattern and not to recognize that it is 
a mirror pattern of left ventricular strain pattern in V5-V6. 
In the case of left ventricular hypertrophy in hypertensive 
patients with chest pain, this may be due to dissecting 
aneurysm, especially if the pain is in the back (Figure 
19.4). In this case it is important to measure D-dimer, 
which is a very sensitive blood test, although the specific- 
ity is low. 

As has already been mentioned, it is also important to 
make a differential diagnosis, especially in the acute stage of 
pericarditis when only a slightly convex ST segment eleva- 
tion exists, with the normal variant known as early repo- 
larization. In the case of early repolarization pattern there is 
a clear ST elevation resolution with exercise (Figure 19.5). 

In cases of pulmonary embolism and acute descom- 
pensation of cor pulmonale an ST elevation may appear 
(see Figure 10.16). Other ECG patterns may also appear 
(deep negative T waves in right precordial leads—see 
Figures 10.14 and 10.15, new RBBB—see Figure 10.16, 
etc.) that have to be considered in the differential diagno- 
sis of patients with acute chest pain or equivalents and 
ECG changes (see Figures 10.14-10.16). 

The differential diagnosis should also include the 
chronic pattern of ischemic heart disease with ST eleva- 
tion such as the presence of ventricular aneurysm, the 
newly described Tako-Tsubo syndrome, and the evanes- 
cent ST elevation pattern of coronary spasm, etc. (see 
Figures 20.44 and 20.46). 

Finally ST depression may appear in patients without 
ischemia during exercise test (see color plate 3), and also 
in the course of fast supraventricular tachycardia 
(Figure 19.6). Usually the ST depression is upsloping but 
it may show a downsloping ST depression pattern. In the 
latter case it is especially necessary to rule out the pres- 
ence of ischemia (see Figure 19.6). 


Pain of non-cardiovascular origin 

(Figure 19.2) 

Pain of non-cardiovascular origin may be caused by: (i) 
problems in the thoracic wall and thoracic/neck muscles; 
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Figure 19.3 (A) A39-year-old B 

patient with long-standing I aVR 
precordial pain without ischemic 
characteristics. There is an ST 
segment elevation in many 
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pericarditis). The clinical history ll aVF V3 V6 


ECG and the follow-up (B) with 
an ECG that shows an evolution 
compatible with pericarditis 
(negative T wave without Q wave) I 
suggests this diagnosis. 


(ii) lung disease; (iii) problems in the gastrointestinal 
tract; (iv) problems of psychiatric origin. 

ECG is not changed in these cases. Using history tak- 
ing, physical examination, blood tests (biomarkers), and 
complementary techniques we are usually able to reach a 
correct diagnosis in the majority of cases. 


Acute dyspnea 

May be the most important manifestation of LV failure 
and pulmonary edema (see Figure 9.13). We have to 
rule out severe heart disease (acute myocarditis, acute 
MI, etc). 

In acute cor pulmonale secondary to pulmonary 
embolism (see Figure 10.16) or worsening of a chronic cor 
pulmonale produced by a sudden right chamber over- 
load—usually related to a respiratory infection (see 
Figure 10.14)—negative T waves may be observed in the 
right precordial leads and/or in II, II, and VF. In addi- 
tion, ST changes in the frontal and/or horizontal plane 


may be confused with those seen in ischemic heart 
disease. 

Other lung diseases such as pneumothorax (see 
Chapter 23) may present with acute dyspnea and ECG 
changes (see Figure 23.5). Also bronquial asma has to be 
considered. 

On some occasions dyspnea may be the equivalent of 
pain in cases of acute ischemic attack. 


Presence of rapid palpitations or syncope 
(near-syncope) 

Various tachyarrhythmias, especially atrial fibrillation, 
but also supraventricular reentrant tachycardia, even in 
young individuals, and obviously ventricular tachycardia 
may present as chest pain probably of hemodynamic 
origin. In any case this possibility has to be considered in 
the history taking. The ST changes are often striking and 
the coronary perfusion is usually normal (see above) 
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Figure 19.4 (A) A patient with thoracic pain due to a dissecting aortic aneurysm. An ST segment elevation in V1-V3 can be explained by 
the mirror pattern of an evident left ventricular enlargement (V6) due to hypertension. This ST segment elevation has been erroneously 
interpreted as due to an acute coronary syndrome. As a consequence, fibrinolytic treatment was administered, which was not only 
unnecessary but even harmful. (B) The CAT scan imaging shows the dissecting aneurysm of the aorta. This case demonstrates that 
before accepting a diagnosis of STE-ACS, other diseases that may cause ST segment elevation should be ruled out. 


Figure 19.5 (A) A patient with 
thoracic pain and mild ST 
segment elevation in many leads. 
ECG was considered by automatic 
interpretation as pericarditis. 

(B) The ST segment elevation 
disappears with exercise, which 
favors the diagnosis of early 
repolarization pattern. This is 

an example of misdiagnosis of 
automatic interpretation. 
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Figure 19.6 This is a case of young n 
man with a very rapid reentrant 
tachycardia with a circuit 
exclusive of the atrioventricular 
junction (AVNRT). The patient 
presents with chest discomfort 
and shows evident ST depression 
as may be seen in the absence of 
ischemic heart disease in the case 
of fast heart rate (see Chapter 15). 


(Figure 19.5). This opens the possibility that tachycardiza- 
tion may explain some types of repolarization change 
(Birnbaum et al. 2011). 

We will not discuss the differential diagnosis of all the 
causes that may induce syncope or near-syncope (see 
Bayés de Luna, Clinical Arrhythmology, Wiley-Blackwell 
2011). We just want to say that the causes may be benign 
(vasovagal syncope) or malignant (tachyarrhythmias 
especially VT-VF). It is necessary to rule out acute 
ischemia, pulmonary embolism and inherited heart dis- 
ease. The surface ECG may give many crucial information 
and the history taking is also very important. 


ST-T alternans 
This topic is discussed in Chapter 18 (see Figure 18.7 and 
Table 18.1) and in Chapter 20. 


ECG changes in repolarization found in 
patients with no precordial pain and in 

the absence of current or past symptoms 
suggestive of ischemic or pericardial disease 
Differential diagnosis of all causes of T wave abnormali- 
ties (T wave taller and wider (Table 13.2) or flat/negative 
(Table 13.3)) and ST shifts (ST elevation (Table 13.4) and 
ST depression (Table 13.5) ) should be performed. It is also 
important to bear in mind the clinical context of the 
patient. In a recent publication (Jayroe et al. 2009) it has 
been demonstrated that even experts in ECG diagnosis 
make several mistakes when faced with an ECG with ST 
elevation without clinical context. However, by applying 
all the information explained in this book, especially in 
Chapters 10-13 and 19-22, the possibility of performing 
the correct diagnosis is very high. 

In the presence of moderate/important right and left 
ventricular enlargement, repolarization abnormalities are 
secondary to depolarization abnormalities. In more 
advanced cases, the most striking pattern is the so-called 
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“strain pattern”: (see Chapter 10, Figures 10.21 and 10.26). 
The negative T wave in these cases is typically asymmet- 
ric. Therefore, if a pattern with somewhat symmetric T 
wave is found, some type of primary factor (ischemia, 
drugs) may be influencing the ECG pattern (mixed 
pattern—see Figure 10.28). 

Undoubtedly, advanced bundle branch blocks, espe- 
cially LBBB, and significant enlargement of both ventricles 
are often accompanied by marked secondary repolariza- 
tion abnormalities. 

Various heart diseases, such as mitral valve prolapse 
and myocarditis, can generate repolarization abnormali- 
ties that are occasionally even more striking than those 
observed in ischemic heart disease. 

In general, cardiomyopathies frequently exhibit T 
waves that are quite pathological. This is especially true 
in apical hypertrophic cardiomyopathy (see Figure 
10.25). Sometimes the only abnormality seen in right ven- 
tricular arrhythmogenic dysplasia—bearing in mind that 
20% of those cases exhibit a normal ECG—is a negative T 
wave that is generally not very deep but sometimes sym- 
metric in the right precordial leads (see Chapter 21, 
Figure 21.7). 

ST segment and especially T wave abnormalities are 
seen in congenital long QT syndrome, including T wave 
alternans (see Figure 21.10). Brugada’s syndrome may 
also exhibit repolarization abnormalities. An upsloping 
ST segment elevation concave with respect to the isoelec- 
tric baseline is the most characteristic feature, often with- 
out evidence of an RBBB morphology (without final r' 
wave in V1 and VR and S wave in V6) (see Chapter 21). 

Striking repolarization abnormalities (evident negative 
T wave, ST segment depression 21mm) may be seen in 
the absence of ischemic or other type of heart disease. 
This is sometimes seen in athletes (Serra-Grima et al. 2000) 
(see Chapter 23; see also Figures 7.16 and 23.11), in the 
presence of ionic disturbances (see Figures 23.19 to 23.21), 
in neurological disease (see Figures 13.15D, 13.16H and 


400 The Clinical Usefulness of Electrocardiography 
l II III VR 
$ 
a De, = on ` jl — we a ara 
J - aa | 
Vi V2 V3 | V4 | 
7N A j | 
RA ye - "i S ' ue - 
{ z3 | A ated ANI 


23.1), when secondary to drug effects (see Figures 23.13- 
23.15), or due to so-called “cardiac memory” when the 
activation is normal, in patients with a baseline anoma- 
lous ventricular activation (right ventricular pacemakers, 
advanced LBBB, intermitent WPW syndrome with right 
ventricular pre-excitation) (see Figure 17.21). 

Negative T waves may be seen not only in V1 but also 
in V2 or even V3 in some women and Black people. 
Normally, the T wave is symmetrical and not deep. The 
differential diagnosis between a sudden right chamber 
overload and acute ischemic attack may be difficult 
using only the ECG, since these morphologies are some- 
times quite similar. However, the history taking and the 
evolving nature of this morphology should make the 
diagnosis easier. 

It should be remembered that fleeting repolarization 
abnormalities can often be seen (e.g. flattened bimodal 
T wave or even slightly negative, slight ST segment 
depression deviation, etc.) after alcohol or carbohydrate 
intake, with a change of position (standing) and 
with hyperventilation (see Figure 7.46). Persistent 
repolarization abnormalities can also be detected with 
intake of certain drugs (e.g. amiodarone (Figure 23.13), 
digitalis (Figure 23.15) etc.), in chronic alcoholism (see 
Figure 23.16) and in some ionic disturbances, particularly 
hyperkalemia (tall and peaked T wave) and with 
hypokalemia (ST segment downward deviation) (see 
Figures 23.19-23.21) (Surawicz 1967). 

However, sometimes no apparent reason is found to 
explain repolarization abnormalities. In such cases it is 
advisable to rule out hidden WPW syndrome (Figure 
19.7), mitral valve prolapse, and hypertrophic cardiomyo- 
pathy, and obviously silent ischemic heart disease or 
silent pericarditis /myocarditis. A complete clinical his- 
tory should be taken and the required explorations, 
including, if necessary, a coronary artery angiogram 


VL 


VF 


Figure 19.7 This is a case of a 
56-year-old man without any 
past or present clinical symptoms 
suggestive of ischemic heart 
disease or other cause that may 
explain this evident repolarization 
abnormality. The ECG was 
i | recorded during a check-up. 
| All the complementary tests, 
including coronarography, 
were normal, and the ECG has 
remained practically the same 
for over 10 years. 


(Figure 19.6) carried out in order to ensure that such 
abnormalities are not due to ischemic heart disease. 

Repolarization abnormalities observed in the ECG 
recording should be assessed within the patient’s clinical 
context. 


Serial ECG recordings and their correlation with the 
clinical context usually indicate the importance of 
apparent minor repolarization alterations and whether 
or not ST/T alterations are dangerous. However, 
sometimes other complementary tests have to be 
performed (Figure 19.7). 


Heart rate and cardiac rhythm 
abnormalities in a surface ECG 


The step-by-step requirements that have to be taken for 
the sequential diagnosis of various arrhythmias are 
described in Chapter 18. 
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Chapter 20 


The ECG in Different Clinical Settings 
of Ischemic Heart Disease 


Introduction 


Ischemic heart disease (IHD) may be divided into two 
clinical groups: 

e Patients with acute coronary syndromes (ACS) that 
may or not evolve to myocardial infarction (MI) who 
present with recnent angina or equivalent symptoms, 
usually sustained and not related to exercise. In general, 
ACS are caused by atherosclerotic plaque rupture, fissur- 
ing, or erosion, combined with superimposed coronary 
thrombosis (Figure 20.1). 

e Patients with angina, in general stable, usually 
related to the presence of atherosclerotic fixed plaque, 
that occurs during exercise and finishes when exercise 
is stopped. 

However, an understanding of the conversion of a 
stable lesion with or without exercise angina into rup- 
tured plaque with thrombosis and prolonged rest angina 
has produced a unifying hypothesis that consider myo- 
cardial ischemia to be a spectrum encompassing both 
groups. (Maseri and Chierchia 1980; Fuster and Topol 
1996; Cannon 2003). 


Ischemia and sudden death 


Acute coronary syndromes especially STEMI often trig- 
gers sudden death. Nowadays with current treatments 
available the number of cases with long-term complica- 
tions of MI, such as heart failure and low ejection fraction, 
is much lower than previously. However, acute and 
chronic ischemic heart disease is still often associated 
with sudden cardiac death, and this is probably the most 
important challenge in modern cardiology. 

In the United States ischemic heart disease is present 
in 80-90% of cases of sudden death, but this association 
in the Mediterranean area is lower (Subirana et al. 2011). 
Globally (as is shown in Figure 20.2), in fewer than 50% 
of cases of sudden death are there clinical (presence of 


angina) (Marcus et al. 1988; de Vreede-Swagemakers 
et al. 1997), electrocardiographic (ST changes in Holter 
recording) (Bayés de Luna et al. 1989), or coronaro- 
graphic (acute thrombus) (Spaulding et al. 1997) findings 
that acute ischemia is the trigger of sudden death. 
Furthermore, in fewer than 50% of these cases is there 
pathologic evidence of acute infarction (fresh throm- 
bus) (Burke et al. 1997; Subirana et al. 2011). These con- 
clusions clearly clarify that around 50% of cases of 
sudden death are caused by acute ischemic attack. In the 
majority of other cases of sudden death in patients with 
IHD, the cause of death is sustained ventricular tachy- 
cardia/ventricular fibrillation (VI/VF) triggered by 
reentry around an old MI scar. It is interesting to point 
out that in the Mediterranean area a higher incidence of 
cases of sudden death associated with left ventricular 
hypertrophy has been found than in the United States 
(Subirana et al. 2011). 

For more information about other arrhythmias and 
sudden death, and ischemic heart disease, see later 
and consult Bayés de Luna 2011 and general refer- 
ences (p. XII). 


From exercise angina to acute 
coronary syndrome, and myocardial 
infarction 


Myocardial ischemia can occur through two different 
pathophysiological mechanisms, in the majority of cases 
related to the presence of atherothrombosis. These 
mechanisms are: 

e an abrupt decrease in blood flow that constitute the 
clinical syndrome of ACS-evolving MI, and 

e increased myocardial demand, the prototype of which 
is exercise angina. 

Other types of ACS-MI will be discussed later in the 
section on ECG changes due to decreased blood flow 
not related to atherothrombosis (Table 20.1). 
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Initial ECG 


presentation 


Electrocardiographic alterations in presence of pain and normal intraventricular conduction (narrow ORS) 


Acute coronary syndrome (ACS) 


A 
ACS-STE 


New ST elevation* 
30-35% 
or other ECG patterns 


| 


If transient In general 
coronary persistent 
spasm or repetitive 
| Pa 
Diagnosis at Unstable Q-wave 
the discharge angina* infarction 
(aborted MI) or equivalent 


B 
ACS-NSTE 


B1 B2 


Normal or flat/mild negative T wave or without 
changes in respect to previous ECGs.10-15% 


Evolutionary 
changes 


New ST depression 
50-60% 


In general Wilthout 
persistent modifications in 
or repetitive** the evolution*** 


Non-O wave Unstable Small infarction 
infarction angina (troponin +) 
(troponin-) -necrosette- 


* Sometimes, thanks to quick treatment, in case of LAD occlusion, the STE changes to deep negative T wave and troponin levels remain normal despite important ST elevation in the initial ECG 


(aborted MI). 
** InACS with ECG pattern of ST depression, troponin levels allow to distinguish between unstable angina (troponin-) and non-Q- wave infarction (troponin +). 
*** According to ESC/ACC guidelines in patients presenting chest pain or its equivalent suggestive of ACS with accompanying nor mal ECG or flat/mild negative T wave, troponin level is a key 


to decide whether to diagnose small MI of unstable angina. 


Figure 20.1 Acute coronary syndromes (ACS): ECG abnormalities at admission and diagnosis at discharge. 
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Ischemia as a trigger of SCD 


Clinical/ECG 
evidence 


Angiographic 


evidence 


Pathological 
evidence 


e Symptoms of ischaemia 
(20-50%) 

(Marcus et al. 1998) 

(De Vreede et al. 1997) 


Evidence of ischemia in patients (48% 
died while wearing a holter 
device (35%) 


e Acute coronary artery 
oclussion in survivors of out- 
of-hospital cardiac arrest 


Spaulding et al. (1997) 


e Acute thrombosis 
Burke et al. 45% 1997) 


e Subirana et al. 45% 
(2011) 


Bayés de Luna et al. (1989) 


Figure 20.2 The importance of acute ischemia is a trigger of sudden death: clinical ECG, angiographic, and pathological evidence (see text). 


Table 20.1 Classification of ECG changes in clinical settings due 
to myocardial ischemia 


1. DECREASED BLOOD FLOW 
A. Acute coronary syndrome — myocardial infarction (ACS-MI) 
a) Due to atherothrombosis 
e ACS with narrow ORS 
e ACS with confounding factors 
e Chronic MI with narrow QRS 
e Chronic MI with confounding factors 
b) Other ECGT changes usually ACS not due to 
atherothrombosis 
e Hypercoagulability 
e = Tachyarrhythmia 
e Coronary dissection 
e Tako-Tsubo syndrome 
e Congenital abnormalities 
e PCI and bypass surgery 
e Coronary spasm 
e X syndrome 
e Myocardial bridging 
e Miscelaneous 


2. INCREASED DEMAND 
A. Exercise angina due to atherothrombosis 
B. Others: Pulmonary hypertension, chronic anemia, 
tachyarrhythmia, etc. 


Increased myocardial demand 

When there is an increased myocardial demand, such 
as during exercise or any form of stress, usually but not 
exclusively due to a fixed atherothrombotic stenosis, 
the coronary perfusion is insufficient, provoking 
angina in general with ST segment depression (see 
Table 20.1). 


Abrupt decrease in blood flow: Acute 
coronary syndrome-myocardial infarction 
(Figure 20.1 and Table 20.2) 

There are two types: 

e ACS with decreased flow due to occlusive thrombo- 
sis that is usually total or nearly total (290%) with 
reduced perfusion (TIMI flow 0/1) and transmural 
involvement (ST elevation ACS). This type is called ST 
elevation myocardial infarction (STEMI) because in the 
majority of cases some degree of necrosis and increase of 
biomarkers exists. However some of these STEMI may 
be aborted and then are only STE-ACS (Antman et al. 
2004). The culprit artery in case of a single occluded 
artery is more frequently (From et al. 2010) the left ante- 
rior descending coronary artery (LAD) (= 45%) followed 
by the right coronary artery (RCA) (~ 35%), and left cir- 
cumflex artery (LCX) (= 20%). The culprit artery is rarely 
the left main trunk, the intermediate, first septal, or first 
diagonal branches. 

e ACS due to a decreased flow usually involving a patent 
artery often with non-occlusive thrombus (usually TIMI 
flow 2/3) and non-completely transmural involvement 
(non-ST elevation ACS) (NSTE-ACS or NSTEMI). 
Throughout this book we use STEMI and NSTEMI rather 
than STE-ACS and NSTE-ACS (Jacobs 2011). 

e STEMI represent = 30% of cases of ACS arriving in the 
Emergency Department in our hospital and NSTEMI 
~50%. The rest (20%) are cases of ACS with confounding 
factors (left ventricular hypertrophy, wide QRS) that often 
may also be classified in these two types (see ACS with 
confounding factors), although the diagnosis especially in 
case of NSTEMI is more difficult (see later). Now we will 
comment the cases of ACS with narrow QRS. 
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Table 20.2 Summary of ECG, clinical, angiographic, and pathologic findings in ST elevation myocardial infarction (STEMI) and non-ST 
elevation myocardial infarction (NSTEMI) 


ECG 


ACS with narrow QRS 
STEMI (30% of total) 

e Tall T wave 

e ST elevation 

e Evolving MI 

e Atypical patterns 
(Table 20.3) 


NSTEMI (50% of total)? 
(During pain) 

e ST depression (70%) 
e Flat/negative T wave 
(=15%) 

e U changes (<1%) 

e Normal or unchanged 
(=15%) 


Clinical 


Rest pain or 
equivalents 


With or without permanent 
rest pain 


Angiographic 


e Total or nearly occluded 
artery by fresh thrombus 
e TIMI O/I flow 


e Patent artery in > 70% 
cases. 

e Non-occluded thrombus 
(= 50%) 

e Acute total occlusion 
in10-20% case but with 
collaterals/preconditioning 


Pathology 


e Usually ruptured plaque. 
After some time of subendo- 
cardial involvement there 

is a transmural homogeneous 
involvement 


e Usually ulcerated plaque 
e Predominant subendo- 
cardial involvement 

e Usually non-transmural 
homogeneous involvement 
or, if exists (10-20% cases) 
is in general in the “mute” 


Treatment 


e Emergency PCI 

e Medical treatment (see 
guidelines scientific 
societies) 

e Fibrinolysis if PCI is 
not feasible 


e Antithrombotic and 
antiplatelet agents (see 
guidelines scientific 
societies) (p. XI) 

e Non-emergency PCI 
except in a high-risk 
group. However often 


e Sometimes in absence of 
pain the ECG is normal/nearly 
normal 


*The rest (20%) are cases of ACS with confounding factors (see text). 


(basal) areas PCI is urgent 


ACS: acute coronary syndrome; MI: myocardial infarction; NSTEMI: non-ST elevation myocardial infarction; PCI: percutaneous coronary intervention; 


STEMI: ST elevation myocardial infarction. 


e In spite of this clear differentiation of NSTEMI 
and STEMI types, ACS is a dynamic process (Figure 20.29) 
and sometimes, with or even without treatment, a patient 
with a STEMI pattern evolves to a NSTEMI pattern and 
viceversa. This has management implications (see 
changes from NSTEMI to STEMI and viceversa). 


Acute coronary syndrome due to total or near 
total occlusive thrombosis and with complete 
transmural involvement: STEMI (Table 20.2) 


Pathophysiology and clinical setting 

Coronarography shows complete or nearly complete 
thrombotic occlusion in the patient with a ruptured 
plaque and reduced blood flow (TIMI 0/1). The presence 
of total or near total occlusion may be intermittent and 
associated with coronary spasm and/or new thrombosis. 
However, sometimes after removal of the thrombus the 
coronary stenosis is not very significant (<50%). There is 
complete transmural involvement of at least part of one 
left ventricular wall, often in myocardium previously 
relatively unaffected by the ischemia. 

In general, very little collateral circulation or precondi- 
tioning (mechanism of adaptation to ischemia mediated 
by ATP-sensitive potassium channels and adenosine) is 
present (Tomai et al. 1999). The biomarkers are positive, 
and usually evolve to Q wave MI, unless the MI is aborted. 


According to the guidelines, if the patient presents 
with angina that has started within the last 12 hours, 
treatment to open the artery (fibrinolysis or percutaneous 
coronary intervention (PCI) if possible) should be started 
immediately in order to avoid or minimize development 
of Q wave MI (“time is muscle”). 


Summary of ECG changes (see later) 

The ECG shows ST segment elevation usually occurring 
after a transient period of a peaked, tall, and positive T 
wave (see Figure 13.3B and 20.6B) (see later and 
Table 13.1). Although the ST elevation is the most strik- 
ing ECG manifestation, some leads with ST depression as 
a mirror pattern are also observed. Correlating the ups 
and downs of ST is crucial to identifying the culprit 
artery, the location of the obstruction, and the area at 
risk in the case of STEMI (see Chapter 13 and Figures 
13.37-13.51), and later: ECG changes in ACS due to 
decreased blood flow (STEMI). 


Acute coronary syndrome usually with patent 
artery and non-complete transmural involvement: 
NSTEMII (Table 20.2) 


Pathophysiology and clinical setting 

These cases occur due to ulcerated plaque often with rup- 
ture and, in around 40% of cases, thrombus but with pat- 
ent artery (non-complete occlusion). Patients with 
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NSTEMI may present with either elevated biomarkers 
(non-Q wave MI or true NSTEMD) or not increased bio- 
markers (unstable angina). The average diameter of ste- 
nosis is slightly larger than in STEMI but the 
thrombus usually does not occlude the artery completely. 
However, if the artery is occluded—which occurs in 
around 20-25% of cases (Dixon 2008; Pride et al. 2010)— 
there is no complete homogeneous transmural involve- 
ment because of the presence of collateral circulation 
and/or preconditioning. The involvement of left ventric- 
ular walls by the ischemia is not completely transmural 
and occurs usually in the presence of already previous 
evident impairment of subendocardial flow and increased 
left ventricular telediastolic pressure. The coronary flow 
is decreased (TIMI flow 2 or sometimes 3). 

Angiographic studies of NSTEMI have demonstrated 
that compared with STEMI, they are more likely to pre- 
sent with a more spontaneous patent artery, better flow 
(TIMI > 1), and less median stenosis (Abbas et al. 2004). 

The culprit artery may be left main trunk or any of three 
coronary arteries or their main branches at all levels. 
Frequently there is two- or three-vessel disease but usually 
only one culprit artery. 

The patient may present with pain upon arrival at the 
Emergency Department. This depends on whether the 
coronary flow is sufficiently open (spontaneously or with 
treatment) for blood to reach the ischemic zone. However, 
antithrombotic treatment must be urgently applied to 
stop the progression of the disease (passivitation). The 
decision to perform PCI is usually not emergent, espe- 
cially if pain ceases, but often an urgent, as soon as possi- 
ble, PCI is recommended if feasible. 


Summary of ECG changes 
The ECG changes include ST depression and/or flat/ 
negative T wave, or even unmodified or normal ECG. 

Hence the name non-ST elevation acute coronary syn- 
drome (non-STEMI) (Thygessen et al. 2007). However, ST 
elevation is often present in some leads, especially in VR 
and V1 (mirror pattern) (see further discussion about all 
the ECG changes found in NSTEMI). 

In the following sections, ECG changes in various clini- 
cal settings will be fully discussed. We know that some 
aspects have already been mentioned but we consider 
that it is convenient to reinforce its importance. 


ECG changes due to abrupt decreased 
blood flow related to 
atherothrombosis 


The importance of ECG in the classification of 

acute coronary syndromes 

ECG has an important role in the classification of ACS 
and in decision-making for best management (Figure 20.1 


and Table 20.3 and 20.4). We discuss the most significant 
aspects of this here, although some have already been 
mentioned or will be covered later in the chapter. 

The Fibrinolytic Therapy Trialists (FTT Collaborative 
Group 1994) found that patients with STEMI who pre- 
sent with transmural involvement and who often have 
occluded arteries clearly benefit from fibrinolytic treat- 
ment. In patients with NSTEMI who do not present with 
transmural involvement and usually do not have an 
occluded artery no benefit was observed. Furthermore, 
with the introduction of PCI as a treatment for ACS, per- 
forming emergency PCI is now considered the best 
approach when possible in STEMI. In many cases of 
NSTEML, it has to be performed urgently (within hours) 
but not as an emergency. 

Currently, the management of ACS carried out 
according to the most recent guidelines (Braunwald’s 
2012; Skinner et al. 2010; Braunwald’s 2012) is the follow- 
ing. STEMI should be treated with emergency PCI asso- 
ciated with all recommended drugs. Fibrinolysis is an 
alternative if emergency PCI is not feasible. In NSTEMI 
the management approach depends on the risk of death 
and bleeding in each case. All patients should undergo 
the recommended medical antithrombotic treatment 
according to the guidelines, but the decision to perform 
coronarography depends on the abovementioned risk. 
According to the GRACE scale (Fox et al. 2006; Tang et al. 
2007) (based on clinical, ECG, and blood test parameters) 
if the risk of death is > 3% at six months an urgent coron- 
arography (before 96 hours) must be performed, if not 
contraindicated. The coronarography may be considered 
an emergency in cases of hemodynamic impairment, or 
evidence of severe ischemia (often in cases of extensive 
(27 leads) involvement). Following this, the best 
approach for each case (medical treatment, PCIs, or 
CABG) should be selected. 

We separate ACS into two groups not because one pre- 
sents with complete/near complete thrombotic occlusion 
of the artery (STEMI) and the other usually does not 
(NSTEMD). The differentiation is made because the group 
with STEMI that has a critical/complete occlusion and 
limited TIMI flow presents with a sudden homogeneous 
transmural impairment of an area of the left ventricle that 
previously was relatively or totally free of ischemia, and 
at this moment the risk of myocardial necrosis if the occlu- 
sion does not disappear is imminent (“time is muscle”). 
The most typical example although is not properly an 
ACS (see coronary spasm) is coronary spasm. In this case 
a sudden and usually total occlusion of the artery gener- 
ates a brusque and homogeneous involvement of the left 
ventricle (ST elevation) that stops abruptly (reperfusion 
post-ischemic pattern and deep negative T wave). Because 
of the brevity of the occlusion, usually a normal T wave 
reappears in a short period of time (Bayés de Luna et al. 
1985) (Figure 20.45). The STEMI group includes all cases 
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with ST elevation or the equivalent (ST depression in 
V1-V3-V4 as a mirror pattern of LCX occlusion) that 
occurs in the case of complete artery occlusion with 
homogeneous transmural involvement (Figure 20.6A). 
This group may also present with two atypical ECG pat- 
terns seen especially in cases of LAD occlusion at follow- 
up (see later Figure 20.6B and C). The NSTEMI group 
usually has a partially occluded artery. Even when it is 
occluded the perfused area still receives blood through 
collateral circulation and/or previous preconditioning 
(TIMI 2/3 flow). Therefore, the left ventricle wall 
involvement is not transmural, and although the risk of 
necrosis is evident, it is usually not imminent and does 
not spread rapidly. 

The NSTEMI group encompasses all non-ST eleva- 
tion patterns that are present in case of predominant 
subendocardial, non-transmural involvement such as: 
(i) ST depression with or without final positive T wave; 
(ii) flat or mild negative T wave; (iii) changes of U wave; 
(iv) even normal or not modified ECG. 

The classification of ACS into these two groups— 
with STE or variants, or with NSTE is not always easy, 
and may result in some pitfalls, causing misunderstand- 
ings or wrong diagnosis. Furthermore, sometimes either 
spontaneously, or especially during different treatments, 
an ACS may change from NSTEMI to STEMI, or vice 
versa (see later) (Figures 20.28 and 20.29). 

Although the 12-lead ECG has been used for many 
years for diagnosis, triage, risk stratification, and progno- 
sis in patients presenting with suspected ACS, some fac- 
tors still remain unknown and further research is required 
to refine our understanding of the pathophysiological 
correlations of ACS and ECG changes that are seen in 
these patients (Bayés de Luna and Fiol 2008; Nikus et al. 
2010, 2011; Birnbaum et al. 2011). There are cases of ACS 
that are difficult to classify as STEMI or NSTEMI for many 
reasons, such as cancellation of vectors, presence of mul- 
tiple stenosis, more or less importance of collaterals, 
recording of the ECG during pain or not, the presence of 
tachycardia, etc. Also, and especially in cases of NSTEMI, 
it is often difficult, if not impossible, to correlate the ECG 
changes with the occluded artery (Table 20.4). 

Despite the abovementioned problems, we believe 
there is sufficient information to demonstrate in the fol- 
lowing pages that the ECG pattern found in the majority 
of ACS, may be classified as either STEMI or NSTEMI, 
which is the grade and severity of ischemia and also espe- 
cially in STEMI which is the culprit artery and even the 
location of the occlusion (see Tables 20.3 and 20.4 and cor- 
responding figures). 

After these preliminary considerations about the value 
of ECG patterns for the classification of ACS we will 
explore in more detail all the ECG characteristics found in 
different types of ACS and other forms of ischemic heart 
disease. 


Acute coronary syndrome with narrow QRS 
(Figure 20.1) 


ECG patterns in acute coronary syndrome with ST 
segment elevation (STEMI) (Table 20.3, Figure 20.3) 
In the past, many cases of STEMI evolved to an MI, which 
was usually of Q wave type (Figures 20.3A). If modern 
treatments to open the artery are available, more MIs can 
now be aborted (unstable angina) (see Figure 20.3B). 


Typical ECG patterns (Chapter 13: ST segment in 

ACS, and Figures 20.3-20.6 and 13.37-13.51) 

The typical ECG pattern is ST segment elevation. Other 
patterns may also be seen (see later). 

The ST segment elevation criteria for ischemia accord- 
ing to the new universal definition of MI (Thygessen et 
al. 2007) includes an ST segment elevation at the J point 
in two contiguous leads 22mm in V2-V3 (21.5mm in 
women) and 21mm in other leads. This type of ST seg- 
ment elevation of these characteristics is considered 
abnormal and evidence of acute ischemia in the clinical 
setting of ACS (presence of precordial pain or the 
equivalents). Whenever possible, it is important to 
compare this pattern with previous ECGs (Table 13.1). 
This new revised criteria is associated with enhanced 
diagnostic performance compared with the previous 
one (Fleischmann et al. 2011). 

The morphology of the ST segment elevation may 
show a concave or convex shape with respect to the isoe- 
lectric line or just a rectified line. Often the shape of the 
morphology changes at follow-up with a greater concave 
shape after a hyperacute period. In this phase the height 


Table 20.3 ECG patterns in ST elevation myocardial infarction 
(occluded /nearly occluded artery with homogeneous transmural 
involvement) (see text) 
Typical pattern ST elevation with mirror pattern (Figure 
20.1) (30% of all ACS)? 
Mirror pattern in V1-V3-V4 with ST 
depression (LCX occlusion) (5%). Often 
some ST elevation in inferior/lateral leads 
(Figure 20.6A) 
Patterns that may be seen At early phase: Tall and usually very 
during the acute process transient T wave (Figure 20.6 B1) (< 1%) 
Sometimes the tall T wave is persistent 
(hours) and may present ST depression 
(Figures 20.6B2 and B3) (< 1%) 
After resolution of ST elevation without 
evolution to Q wave MI: deep negative T 
wave, especially in LAD occlusion (V1-V2 
to V4-V5) (= 5%) (Figure 20.6C) 


Equivalent pattern 


Based on our experience (Sant Pau Hospital, Barcelona) with the ECG 
at arrival to Emergency Department (30% STEMI, 50% NSTEMI— 
see Table 20.4—and the rest 20% ECG with confounding factors 
(Bayés de Luna and Fiol 2008). 

ACS: acute coronary syndrome; MI: myocardial infarction. 
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of the ST elevation may be considered, causing the 
S waves to be pulled up (Figure 20.4C). This decreases 
during the subacute phase (Figures 13.31 and 13.33). 

The evolution of ST segment elevation, if the MI is 
not aborted, leads to Q wave MI with a progressive reso- 
lution of ST elevation. It is considered MI if the ST 
remains elevated after 20m. The degree of ST elevation 
rapidly reaches a peak elevation that usually occurs at 
1 hour after the onset of pain. The plateau last up 12 
hours. Afterwards, a progressive decline takes place that 
last a few days. In the pre-fibrinolytic era, complete reso- 
lution was found in 95% of cases of inferior MI and in 40% 
of cases in anterior MI after two weeks (Mills et al. 1975). 
Currently, the course is very different and the resolution 
of ST elevation is often very rapid with fibrinolysis and 
especially PCI (see Figure 20.3). 

The ST resolution is accompanied by the progressive 
appearance of Q wave and T wave inversion indicating 
trasnmural involvement, or at least involvement of 
some layers of left ventricular wall outside the subendo- 
cardium (see Figures 13.31 and 13.60). In fact, the appear- 
ance of a negative T in the evolving process of Q wave MI 
is due to the LV intraventricular pattern (window phe- 
nomenon of Wilson) (Figures 13.6E and 13.60). The ST 
may remain slightly elevated even in the chronic phase. 
Sometimes this ECG pattern of Q wave MI diminishes or 
even disappears (see Figures 13.31 and 20.35). 

ST elevation prevails in the leads facing the affected 
zone, producing a direct ECG pattern. In some oppos- 
ing leads, the ST segment depresssion is seen as an indi- 
rect mirror ECG pattern (see Figures 13.34-13.36). These 
same features also occur in the chronic phase, with a 
Q wave producing the direct pattern and an R wave in 
V1-V2 as the mirror pattern (see Figure 13.72). In STEMI 
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Figure 20.3 Comparison of the evolution of 
NN an STEMI of the anteroseptal zone in 1970 
before thrombolysis and percutaneous 
coronary intervention (PCI) and currently. 
In 1970 from A to D we may see the evolution 
to a large Q wave myocardial infarction. In 
2010 the patient with STEMI (A) is submitted 
to successful PCI (B), and a post-ischemic 
negative T wave appears. Later on (C) 
the patient presented with pain again and 
the ECG pseudonormalizes. A new 
coronarography demonstrates thrombosis of 
the stent and new PCI solves the problem, 
and again a negative T wave appears (D). 
The infarction was aborted. 


the global evaluation of direct and reciprocal changes 
(ups and downs of ST) is important for detecting which 
artery is the culprit (the RCA or the LCX in case of ST 
elevation in II, III, and VF) (see Figure 13.38), as well as 
to find the location of the LAD occlusion in cases of ST 
elevation in the precordial leads (Figure 13.37) (see later 
and Chapter 13). 

An ST segment elevation may be observed as a normal 
variant in V1-V2, especially in males including 1-2 mm of 
ST elevation with an slightly convex shape respect to iso- 
electric line, an ascending ST slope and asymmetric T 
waves (Figure 7.13H). ST elevation may also be seen in 
many other normal situations such as in athletes or thoracic 
abnormalities (pectus excavatum) (see Figure 7.16). 

Abnormal ST elevation due to other causes may be 
seen in Table 13.4 and Figure 13.58. 


Atypical ECG patterns (Figure 20.6, Table 20.3) 

The following ECG patterns without ST elevation may be 
noted as the most striking ECG change in patients with 
the clinical ECG angiographic syndrome of STEMI 
(occluded or near occluded coronary artery with trans- 
mural involvement). 

e Presence of ST depression in V1-V3, V4. When the ST 
depression is evident already in V1 without a final tall 
positive T wave (see before), this pattern is usually the 
mirror pattern of transmural lateral injury, due to LCX 
occlusion or rarely distal occlusion of long RCA. Therefore 
it is a true STEMI with transmural involvement by a 
totally occluded artery, usually LCX, that usually presents 
with ST elevation in opposing leads. Unfortunately, these 
patients are often misdiagnosed as NSTEMI. In general, 
ST elevation in inferior or lateral leads is seen but some- 
times the ST shift is very slight (Figures 20.6A and 20.7). 
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Figure 20.4 Left: The three types of repolarization abnormalities that may be seen in an acute phase of myocardial infarction involving the 
inferolateral zone: (A) tall and/or wide T waves in inferior leads; (B) abnormal ST segment elevation, with no changes of the final part of 
QRS; (C) important ST segment elevation and distortion of the final part of QRS. Right: The three types of repolarization abnormalities that 
may be seen in an acute phase of myocardial infarction involving the anteroseptal zone: (A) tall and/or wide T waves especially seen in 
right precordial leads; (B) abnormal ST segment elevation, with no changes of the final part of QRS; (C) important ST segment elevation 


and distortion of the final part of QRS (see text). 
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Figures 20.5 Patient with STEMI and very bad hemodynamic status in cardiogenic shock, due to complete occlusion of the left main 
trunk (LMT). Observe the right bundle branch block (RBBB) with superoanterior hemiblock (SAH) and the ST shifts with ST elevation in I, 
VL, and from V2 to V6, and ST depression in II, II, VF. V1 and VR are isoelectric due to (the influence of LCX involvement that counteract 
the ST elevation in V1 and VR that usualy is seen in case of proximal to S1 LAD occlusion (except in case of great conal artery -see text-). 


We have discussed previously the great importance of 
recognizing this pattern as a case of STEMI (see mistakes 
in the interpretation of ACS). 

e We should remember, however, that ST depression 
in V1-V4 more often corresponds to NSTEMI. Usually 


in these cases there is little if any ST depression in V1 
and the final T wave is in general positive and tall. 
In case of MI due to acute occluded single vessel requir- 
ing emergent PCI (From et al. 2010) the culprit artery is 
more frequently the LAD («45% LAD), followed by the 


410 The Clinical Usefulness of Electrocardiography 
Atypical patterns of STE-ACS (STEMI) 
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RCA (= 35%), and the LCX (=20%). However, the num- 
ber of cases of STEMI when the culprit artery is in the 
LCX is only = 10% of all STEMI. Therefore it seems that 
NSTEMI are much more frequent when the culprit 
artery is the LCX, although there is no logical hypoth- 
esis to explain that. The only explanation is that LCX 
STEMI are misdiagnosed as NSTEMI because ST 
depression in V1-V4, with mild or even no ST elevation 
in other leads is often present as the most relevant ECG 
change, in the hiperacute phase of ACS (Figure 20.7). 
Therefore, it is very important to recognize these 
changes, which probably can be done with 12-lead 
ECG if we observe some subtle changes (Figure 20.7), 
because these cases need emergency PCI. Furthermore, 
the ST depression in V1-2 to V3-4 in the case of LCX 
occlusion (mirror pattern) usually presents in the 
hiperacute phase evident ST depression in V1 without 
final positive T wave. In contrast, the ST depression in 
V1-2 to V4-5 in the case of LAD subocclusion never/ 
nearly never presents with evident ST depression in V1 


Figure 20.6 Atypical patterns of STE-ACS: 
Pattern A: STEMI equivalent. In the case of 
LCX occlusion (involvement of LCX). Pattern 
B: Three patterns of tall and wide T wave as a 
first sign of ischemia. B-1: Transient pattern 
followed by ST elevation (STEMI) after a few 
minutes. B-2 and B-3: Examples of persistent 
tall T wave (several hours), before complete 
occlusion and transmural involvement 
evolving to Q wave MI (see text). Pattern C: 
deep negative T wave when the pain disap- 
pears in case of STEMI (post-ischemic change). 
However, the pain may appear again (new 
occlusion due to new thrombus or coronary 
spasm), and the T wave first pseudonormalizes 
and later evolves to ST elevation. 


(compare Figures 20.7 with 20.8B, and with 20.21). 
Furthermore, in cases of LAD subocclusion the T wave 
in V2-V3 is more positive. Some hours after the onset 
of ACS, cases with LCX occlusion may present final 
positive T wave (ST depressed T positive) as a mirror 
pattern of evolving lateral MI). Figure 20.23 shows the 
various culprit coronary arteries found in cases of iso- 
lated ST depression in V1-V4 in the Triton 38 TIMI trial 
(Pride et al. 2010) (see below). 

In some phases of STEMI, ECG patterns other than 
ST elevation may be seen, including the following: 
e In general only fora very brief period, the first recorded 
ECG change during hyperacute ischemia is a change in 
the T wave morphology (wider and peaked and often 
taller) accompanied by an increase in the QT interval 
(Kenigsberg et al. 2007) (Figures 20.6B-1 and 20.13). This is 
because the first area of left ventricle to be affected by 
the ischemia is the subendocardium, and often the tall T 
wave is the ECG pattern of subendocardial ischemia (see 
Chapter 13, Figures 13.6B, 13.7B and 13.10). Sometimes, 
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Figure 20.7 (A) ECG recorded during chest pain in a patient with acute occlusion of the LCX coronary artery. No significant lesions were 
present in the other coronary arteries. The ECG shows ST depression in leads V1-V4 and only minor ST elevation, not fulfilling (STEMI) 

criteria, in leads I, aVL, and V6. (B) A similar case in which ST depression in many precordial leads is seen (V1-V5) with mild ST elevation 
in I, IMI, VF. The recording of V7-V9 visualizes the STEMI better. However, it may be diagnosed already by 12-lead ECG and corresponds 


to true STEMI equivalent. 


an ST depression usually mild may also be seen. This pat- 
tern is not frequently seen in the Emergency Department 
because it is very transient and quickly followed by an ST 
segment elevation (Figure 20.6B-1). The same occurs in 
case of abrupt occlusion in human beings not due to 
classical ACS (coronary spasm, Figure 20.45) or PCI 
(Figure 20.15). 

e The presence of this tall and symmetrical T wave, 
sometimes with slight ST segment depression or eleva- 
tion may persist for hours (Figure 20.8 and 20.9) (Sagie 
et al. 1989). According to Birnbaum et al. (1993) it corre- 
sponds to a grade I of ischemia and in general occurs in 
patients with an occluded artery but good collaterals 
(Figures 20.4A and 20.6B-2). A similar pattern in general 
with mild or even moderate ST depression followed by 
a tall and wide T wave in V2 to V4-V6 has been recently 
reported in 2% of patients with LAD occlusion (De 
Winter et al. 2008). In these cases there are not too many 
collaterals and the grade of ischemia was probably 
greater (moderate increase of biomarkers) (Figure 
20.6B-3). The most logical explanation for tall T waves 
and mild ST depression is that there is a delay in the 


repolarization in the subendocardial area, when only a 
tall T wave is present (Sagie et al. 1989), in addition to 
small change in the shape of the transmembrane action 
potential (TAP) of this area when there is also mild ST 
depression. The sum of this slightly changed TAP (small 
area with slow ascent and longer duration) with the 
normal TAP of the subepicardium, explains both the ST 
depression and the peaked and tall T waves in the ECG 
tracing. This situation of predominant subendocardial 
ischemia without transmural involvement may also 
exist in cases of total occlusion of the LAD if important 
collateral circulation/preconditioning is present (De 
Winter et al. 2008; Gorgels 2009) (see Figures 13.6, 20.8, 
and 20.9). 

Nowadays is difficult to observe the natural course of 
these cases because, at least in many countries, the current 
urgent treatment (PCI or fibrinolysis) solves the problem 
while the tall T wave pattern persists, before it can evolve 
to a large Q wave MI. However, the natural evolution 
before the era of thrombolytic therapy or PCI, as is clearly 
seen in the original papers of Dressler and Roesler (1947) 
and Sagie et al. (1989), was an evolution to Q wave MI, 
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Figure 20.8 Two cases of STE-ACS with persistent pattern of tall T wave in V1 to V3-V4 in A without evident ST shifts (as cases of Sagie 
et al. 1989), and in B with some ST depression in many precordials (as cases of Dressler 1947 and De Winter et al. 2008). Both present with 
proximal occlusion of the LAD without important collateral circulation and non-important involvement in RC and LCX. The implantation 
of one stent in LAD proximal solves the problem in both cases but the patient of case B finally presented with a QS pattern of myocardial 


infarction in right precordials (see below). 


often with a clear previous ST elevation, leading finally to 
a QS pattern and deep negative T wave. The cases 
described by Sagie (tall T wave) probably represent less 
degree of ischemia than the series published by Dressler 
and De Winter (tall T wave with usually clear ST depres- 
sion) (Figure 20.9). 

e During the evolution of a STEMI due to a LAD proxi- 
mal occlusion, when the artery has been opened either 
spontaneously or after treatment (drugs) (fibrinolysis or 
PCI) without the pattern evolving to Q wave MI (Figure 
20.6C), and once the pain has vanished, a striking nega- 
tive T wave (>3-5mm) may appear (see Chapter 13, 
T wave changes in patients with ischemic heart disease). 
This indicates an open artery or, at least, in the case of an 
occluded artery, a sign that a very good collateral 
circulation/preconditioning exists. However, it is not a 


guarantee that the problem is resolved. In fact it was 
considered in the past a pattern of impending MI (De Zwan 
et al. 1982) because in the past the artery often reoccludes 
espontaneously (see Figure 20.6C). In this case if the 
patient presents again angina the ECG changes, first pre- 
sents pseudonormalization of the T wave sometimes with 
the presence of negative U wave (Figure 20.27) and later 
reappearance of ST segment elevation. 

Therefore, patients with deep negative T waves in 
the right precordial leads who have had anginal pain 
in the hours previously should be submitted to 
coronarography as soon as possible. This situation is 
not, however, considered an emergency, unlike the case 
of a clear ST elevation, because the presence of a deep 
negative T wave indicates that the myocardial tissue is 
at this moment more or less perfused (open artery). 
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Figure 20.9 Left: Patient with acute chest pain and evolving anterior wall myocardial infarction. (A) During prolonged chest pain 
showing positive peaked T waves without ST segment elevation. (B and C) ECG recorded 12 hours (ST elevation) and 24 hours (negative 

T wave) later. (D) ECG one week later with QS and deep negative T wave (Sagie A, Sclarovsky S, Strasberg B, Kracoff O, Rechavia E, 
Bassevich R, Agmon J. 1989. Reproduced with permission from the American College of Chest Physicians). Right: Patient with acute chest 
pain. (A) Three hours after the onset of chest pain. See ST depression plus very tall T wave. (B) Changes in QRS (QS and ST elevation) were 
not present until 18 hours after the onset of symptoms. (C and D) Progressive inversion of the previously high T waves (Reproduced with 


permission from Dressler W, Roesler H. 1947.) (see text). 


Furthermore, once the acute phase has passed, this 
pattern may remain for a long time, even years, without 
requiring urgent study. The resolution of the patterns to 
a normal positive T wave, however, is a sign of good 
prognosis (Tamura et al. 1999). 

Recently, it has been demonstrated in a few cases by cor- 
relation with cardiovascular magnetic resonance (CMR) 
that in these cases of deep negative T waves in right precor- 
dial leads considered an atypical pattern of STEMI (Figure 
20.6C) there is transmural evidence of myocardial edema 
in certain parts of the left ventricular wall (Migliore 2011) 
(Figure 13.7E). 

In the case that STEMI evolves to Q wave MI, obviously 
the pattern of deep negative T wave is observed, but with 
QS pattern and the negativity of T wave is due to recording 
of LV intraventricular pattern (see before) (Figure 13.6E). 


Differential diagnosis 

It is important to remember that without clinical 
information even expert cardiologists will have problems 
in diagnosis of some cases of ST elevation (Jayroe 2009). 
One of the most important problems is related to difffer- 
ential diagnosis of the asymptomatic cases with mild ST 
elevation and often with “r” in V1-V2. These cases may 
be seen in the Brugada syndrome, pectus excavatum, and 
in athletes (Figure 7.16). 


Clinical and prognostic implications 

The characteristics of the ST elevation and mirror patterns 
are relevant when localizing the occlusion and area at 
risk, quantifying of the ischemic burden, and detecting 
the grade of severity of ischemia. 


Location of occlusion 

Many authors (Birnbaum et al. 1993; Engelen et al. 1999; 
Tierala et al. 2009; Kanei et al. 2010), in addition to our 
group (Bayés de Luna and Fiol 2008; Fiol et al. 2004, 2009) 
among others have demonstrated the usefulness of ECG- 
coronarography correlations to locate the place of cul- 
prit artery and the site of occlusion. This has been 
discussed in detail in Chapter 13. Figure 13.37 shows the 
algorithm for predicting the LAD occlusion site in cases of 
an ACS with STE in the precordial leads and Figure 13.38 
represents the algorithm to follow in cases of ACS with 
STE in the inferior leads to distinguish between RCA and 
LCX occlusion. Figures 13.39-13.51 show examples of dif- 
ferent ECG patterns according to the coronary artery 
involved and the site of the occlusion. In our experience 
these ECG criteria have high statistical value (see Figures 
11.37 and 11.38), as has also been demonstrated by other 
investigators for the same or other algorithms (see 
Chapter 13). 

Usually the involvement of the left main trunk (LMT) 
is expressed by subocclusion of the artery because acute 
complete occlusion in general rapidly triggers cardio- 
genic shock and ventricular fibrillation, and the patient 
dies before reaching the Emergency Department. 
However, some cases of complete occlusion of the LMT 
if arrive at Hospital very early may survive. Fiol et al. 
(2012) have documented 9 patients, 8 with ECG of 
STEMI, and 1 resembling the ECG of left main trunk 
subocclusion as a result of great collateral circulation. 
Four survived (Figure 20.5). The ECG pattern of STEMI 
is similar to proximal occlusion (before S1) of very long 
LAD, often with right bundle branch block (RBBB) and 
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ST elevation in precordials and leads I and VL, and ST 
depression in the inferior leads. Usually in V1 and VR 
there is not ST elevation due to the involvement of LCX 
that depresses the ST in these leads and compensates the 
ST deviation (Figure 20.5), that usually is found in case 
of proximal LAD occlusion (see later), except in cases of 
large conal artery that also perfuses the high septum. In 
LMT occlusion the hemodynamic state is poorest, espe- 
cially in the absence of very dominant RCA. 

All these criteria, that allows us to localize the culprit 
artery and even the place of occlusion in LAD, RCA, LCX 
and LMT have some limitations (Huang et al. 2011) that 
are a consequence of the varied anatomy of the coronary 
arteries, the cancellation of ST vectors, the quick change 
of location of occlusion during treatment, and also in 
cases of LAD occlusion the incorrect placement of precor- 
dial electrodes because the ECG pattern may change from 
one location to another (see Figure 13.78). Therefore, 
before to try to localize the culprit artery with the ECG we 
have to take into account the following considerations: 

e In the case of proximal LAD occlusion before S1, often 
there is no ST elevation in V1, in spite of proximal LAD 
occlusion to S1 (Figure 13.40). This occurs in cases with a 
large conal branch of the RCA (Ben-Gal et al. 1998) that 
perfuses the high septum together with the first septal 


branch (S1), and due to this double perfusion the high 
septum does not become ischemic. 

e If a very long LAD wrapping the apex and perfusing 
a large part of inferior wall is found, the ST vector 
of injury may points downwards instead of upwards, 
which usually happens in cases of LAD occlusion 
proximal to D1 (Figure 13.41), and consequently an ST 
depression in the inferior leads may not be present 
(Sasaki et al. 2001). 

e Often in cases of proximal LAD occlusion (proximal to 
D1) (Figures 13.36 and 13.40), ST elevation takes place 
only in V1-V3, with ST depression in V5-V6. However, 
this does not always means that the involved area is 
small (ST elevation only in V1-V3). The mirror pattern 
(ST depression) has to be considered as ST elevation 
equivalent. In some leads even the lack of ST shifts may 
be the expression of a ve ctor’s cancellation (Zhong-Qun 
et al. 2009). 

e The ECG patterns usually change very quickly with 
treatment. In a matter of minutes ST elevation can 
change from being present in V1-V5 (extensive involve- 
ment), to ST elevation only in V1-V2 (septal involve- 
ment) (Figure 20.10). In this figure an extensive anterior 
involvement (A), probably proximal to S1 and D1, is 
shown to change into a limited anterior involvement 
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Figure 20.10 (A) Left: ECG of a patient in hyperacute phase of acute coronary syndrome (ACS) with great involvement of anteroseptal 
zone. Observe ST segment elevation from V1 to V5. Right: After an hour of fibrinolytic treatment the area at risk decreases significantly, 
being limited exclusively to septum (ST segment elevation from V1 to V2 with ST segment depression in V5-V6. (B) In a chronic phase the 
patient presented with a large septal infarction but without evident anterior involvement (rS in V3), because the treatment has limited the 


infarction to the area perfused by the septal branches. 
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probably distal to D1 (B). Therefore the period of time 
between ECG recording and coronarography is crucial, 
because the site of occlusion can only be located using 
ECG if the tracing is recorded practically at the same 
time as the coronarography. 

e Quantification of the ischemic burden based on ST 
deviation 

Although the location of the occlusion may indicate the 
approximate area at risk, an understanding of how to 
quantify the ischemic burden and calculate the size of 
area at risk using different risk scores is important. ST 
deviations are an important parameter (TIMI score, 
PREDICT score, GUSTO score, GRACE score, etc.) (Bayés 
de Luna and Fiol 2008). A score based on the percentage of 
left ventricle area infarcted according to Selvester score 
has also been reported (Aldrich et al. 1988). 

The TIMI risk score is the most commonly used system 
for prognosis and includes ST deviations as one of the 
parameters to be assessed (Antman et al. 2000; Morrow 
et al. 2000). The score derived from the GUSTO trial 
(Hathaway et al. 1998) for estimating 30-day mortality 
from initial clinical and ECG variables shows that despite 
the fact that some limitations exist, as seen in proximal 
RCA occlusion that may mask the spread of ischemia 
because of isodiphasic ST present in V1, the sum of the ST 
changes in all leads may estimate the degree myocardium 
at risk. More than 15mm of ST deviation usually repre- 
sents an important area at risk. 

e Grade of severity of ischemia 

The morphology of QRS-ST may indicate the degree of 
ischemia. According to the Birnbaum-Sclarovsky ischemic 
grading system (Birnbaum et al. 1993), grade I ischemia 
presents with a tall persistent T wave, generally without 
mild ST depression; grade 2 presents with an ST elevation 
without distortion of the QRS complex; and grade 3 pre- 
sents with an ST elevation that sweeps the QRS complex 
upward and provokes a distortion of it and with ratio J 
point/R wave > 0.5 (see Figure 20.36) (Figure 20.4). 

The cases described by De Winter et al. (2008) that also 
present with a tall T wave as the most evident ECG 
change (predominant subendocardial involvement) are 
most likely more than grade I of ischemia. The presence of 
associated mild ST depression that often occurs before the 
tall T wave may be due to a higher grade of subendocar- 
dial ischemia than just tall T waves (Sagie et al. 1989) 
(Figure 20.9). 


Global prognostic value of ECG chantes at admission 

(Bayés de Luna and Fiol-Sala 2008) 

The in-hospital prognosis of both STEMI and NSTEMI 
has improved considerably with new thrombolytic and 
antiplatelet drugs and primary PCI. In both types of ACS 
the GRACE score based on clinical ECG and blood tests 
(Engle 2004) has been recommended for risk stratification 
and the evaluation of best management. 


We will now summarize the most important ECG 
parameters that are useful for global prognosis. 
e The cases caused by a proximal occlusion of LAD, a 
very dominant RCA occlusion (especially when the 
obstruction is proximal to the right ventricle branches), or 
proximal very dominant LCX occlusion are the cases at 
higher risk. 
e The sum in millimeters of the ST segment elevations 
and depressions is useful in assessing the size of the 
myocardial area at risk (Hathaway et al. 1998) (see 
above). 
e ST segment morphology is also useful. Cases with the 
poorest prognosis are those presenting with a high ST 
segment elevation, with distortion of the final portion of 
the QRS complex (Figure 20.4C). 
e ECG signs of poor prognosis in the STEMI evolution 
During the evolution of a patient who has been admitted 
to the hospital with STEMI, the following ECG changes 
can depict prognosis both in the short and long term: 
e Persistent sinus tachycardia or development of rapid 
supraventricular or ventricular arrhythmias has a poor 
prognosis. 
e Persistent ST segment elevation without development 
of a negative T wave after one week is a marker of poor 
prognosis and of the potential for subsequent cardiac 
rupture (see Mechanical complications). 
e Currently, the occurrence of primary ventricular fibril- 
lation during the first week of evolution of an acute infarc- 
tion with ST segment elevation does not influence the 
prognosis at follow-up. Therefore, the implantation of an 
ICD is not recommended (Bayés de Luna 2011). 
e The presence of wide ORS is a sign of poor prognosis. 
This especially includes the development of complete 
bundle branch block, especially RBBB in anterior infarc- 
tions or advanced atrioventricular (AV) block in infero- 
lateral infarctions (Lie et al. 1975). The development of 
left bundle branch block (LBBB) is much rarer because 
the left bundle receives double perfusion. Currently, it is 
considered that LBBBs that do not present with the ST/T 
changes described by Sgarbossa et al. (1996) do not 
appear to represent a very bad prognosis, especially 
when LBBB is of transient nature. 
e In general, the evidence of STEMI of the anteroseptal 
zone is a strong determinant of lower ejection fraction 
(EF) and a poorer prognosis than STEMI of the inferolat- 
eral zone, even with similar amounts of myocardial 
necrosis detected by enzyme level assesment (Elsman 
et al. 2006). However it has been reported that MI of the 
inferior wall presents with sudden death more often than 
MI of the lateral wall (Pascale et al. 2009). 
e Evidence of an extensive Q wave infarction also implies 
a poor prognosis. Data may be derived from the ECG 
when a large number of involved leads are found. 
Furthermore, a high ORS score estimated in the first ECG 
after hospital admission is an independent predictor of 
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incomplete ST recovery and 30-day complications in the 
STE-ACS treated with primary PCI (Uyarel et al. 2006). 
e The presence of a Q wave does not always imply irre- 
versible damage. Reperfusion therapy should not be 
ruled out simply because a Q wave is present (Wellens 
and Connover 2006). 
e In patients with normal intraventricular conduction, a 
30-day mortality is higher among those with an initial Q 
wave accompanying ST segment elevation in the infarct 
leads (Wong et al. 2006). 
e Recently, Petrina et al. (2006), have identified the ECG 
changes in the admission ECG in patients with acute 
MI that better predict prognosis by means of a literature 
review. These include ST segment deviations, arrhyth- 
mias, and ORS duration (see Bayés de Luna and Fiol 2008). 
e STEMI in patients with multivessel occlusion: 
Which is the culprit artery? 
When an STEMI occurs in clinical practice, a critical 
occlusion has often developed in just one culprit artery 
although in many cases multivessel disease is present. 
There is no general agreement how to proceed, but it 
seems the best approach is to open only the culprit 
artery in the first procedure (Widimsky and Holmes 2011). 
However, in the case of hemodynamic impairment or the 
presence of more than one critical occlusion, opening 
more than one artery may be indicated. 

What is most important in the catheterization labora- 
tory, when faced with STEMI and multivessel disease, is 


that the interventional cardiologist can, thanks to the cor- 
rect and quick interpretation of the ECG, correctly select 
the coronary arteries in which the PCI must be performed. 
With the coronaroangiographic results at hand, the ECG 
provides important information for the identification of 
the culprit artery in these cases. Unfortunately, this infor- 
mation is often underused in clinical decision-making 
(Nikus et al. 2004). Figure 20.11 shows one example of the 
relevance of this approach. 

Close collaboration between clinicians, experts in ECG, 
and interventional cardiologists should be emphasized. 
Nowadays with modern technology it is possible to 
obtain an expert opinion on an ECG interpretation from a 
distance in seconds (Leibrandt et al. 2000). The transmis- 
sion of ECGs directly to a consulting center with web- 
browsing capabilities may facilitate immediately starting 
a revascularization procedure in the appropriate culprit 
artery. 


ECG changes during fibrinolysis and percutaneous 
coronary intervention 


Fibrinolysis (Figure 20.12) 

During fibrinolysis the most typical ECG changes are the 
following: 

e Rapid resolution of ST segment elevation is a very 
sensitive sign of reperfusion especially in anteroseptal 
infarction. It has been recently published that the lack of 


Figure 20.11 Case of right coronary artery (RCA) occlusion (ST depression, ST elevation III > II). However there is ST depression from V1 
to V6 that is unusual in isolated RCA occlusion. This suggests LAD involvement (95% proximal to D1). Therefore in this case it is advisable 
to perform double percutaneous coronary intervention (PCI) (RCA + LAD), although the culprit artery is the RCA because the LAD has a 


critical occlusion. 
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Figure 20.12 (A) The ECG of a patient with an acute myocardial infarction due to LAD occlusion proximal to D1 and S1 (ST segment 
elevation from V1 to V3 and in VR, and ST segment depression in II, III, VF (II > III), V4 and V5-V6). The injury vector is slightly directed 
to the right (see Figure 13.40), and this explains the isoelectric ST in VL and a mild ST segment depression in lead I. (B) After 3 hours from 
fibrinolytic treatment the ST segment is practically normal and accelerated idioventricular rhythm negative T waves in V1-V3 appears. 
In lead II a sinus complex, a fusion complex and a premature ventricular complex are shown. Lower part displays salvos of accelerated 


idioventricular rhythm in V1-V2 leads. 


resolution of concomitant ST depression in mirror leads 
is a prognostic marker of death at 90 days (Tjandrawidjaja 
et al. 2010). 

e The early development (within the first 12 hours 
following fibrinolysis) of a negative and usually deep 
T wave in the leads in which an ST segment elevation 
was initially observed in patients with an anterior 
infarction is a specific marker of reperfusion and good 
prognosis (Doevendans et al. 1995). 

e The presence of Q wave in the admittance ECG and 
lower ST segment resolution despite early infarct artery 
patency are markers of poor tissue reperfusion and 
epicardial recanalization (Wong et al. 1999). 

e Efficient reperfusion of the right coronary artery shows 
a highly specific association with sinus bradycardia and, 
sometimes, AV block (Zehender et al. 1991). 


e The twofold increase in premature ventricular com- 
plexes (PVCs), the development of accelerated idioven- 
tricular rhythm and runs of non-sustained ventricular 
tachycardia are indicative of successful reperfusion 
(reperfusion arrhythmias) (Wellens et al. 2003). In contrast, 
monomorphic sustained ventricular tachycardia is not a 
sign of reperfusion (Fiol et al. 2002). 

e Vectorcardiographic dynamic monitoring of the QRS-T 
loop is a non-invasive technique that provides a higher 
positive predictive value for the detection of reperfusion 
(Dellborg et al. 1991). 


Percutaneous coronary intervention (PCI) 
(Figures 20.13-20.15) 
The most typical ECG changes are the following: 
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Figure 20.13 (A) Single ECG complex from lead V, obtained under baseline conditions, before the start of percutaneous coronary 
intervention (PCI) of the left anterior descending coronary artery (LAD). (B) Single ECG complex from the same lead shown in A is 
displayed 25s after balloon inflation in the proximal LAD. The QT interval is seen to prolong by 44ms. (C) The two complexes seen in 
A and B are superimposed to better illustrate ischemia-induced changes showing prolongation of QT interval and symmetric T wave 
(Reproduced with permission from Kenigsberg DN, Khanal S, Kowalski M, Krishnan SC. 2007.) 
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Figure 20.14 This patients presents with a negative T wave just during percutaneous coronary intervention (PCI) that pseudonormalizes 


the T wave during the inflation period (see text). 


e A few seconds after PCI small changes in the ECG 
appear (lengthening of the QT interval immediately 
followed by the appearance of a symmetric T wave 
(Kenigsberg et al. 2007) (Figure 20.13). In some cases 
with a negative T wave, this may pseudonormalize 
(Figure 20.14), but only rarely does clear ST elevation 
appear. This indicates a transmural involvement (left ven- 
tricle not protected by collaterals). 

e After successive and prolonged coronary occlusion 
during PCla progressive decrease in ST elevation (ischemia) 
due to collaterals or probably more to preconditioning can 
be seen with intracoronary ECG (equivalent to epicardial 
ECG) (Koning et al. 1993; Tomai et al. 1999) (Figure 20.15). 

e When the presence of clear signs of localized wall 
motion abnormalities is noted during PCI usually there is 
ST segment elevation, as seen in the ECG, and it has been 
shown that this is correlated with the extension of the 
asynergy (Cohen et al. 1987; Santoro et al. 1998). 

e Occasionally, peri-procedural infarctions occur that 
are generally small but represent a marker of poor 


prognosis (see Peri-procedural myocardial infarction, 
below). 


ECG in acute coronary syndrome with no ST 
elevation (NSTEMI) (Table 20.4, Figure 20.1) 
Obviously, all atypical cases of STEMI that present with 
non-STE changes have to be excluded (see Figure 20.6). 
The depth of the negative T wave in atypical ECG pat- 
terns of STEMI, especially in case of LAD occlusion, is 
usually much more significant than in NSTEMI (compare 
Figures 13.11 with 13.12 and 20.16). 


ECG patterns (see Chapter 13: ST segment in ACS 

and, Figures 20.16-20.26) 

According the new universal definition of MI 
(Thygessen et al. 2007) the ECG manifestations of acute 
ischemia in patients with NSTEMI include a new hori- 
zontal or downsloping ST depression 20.5mm in two 
contiguous leads and/or new T wave inversion 21mm 
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Figure 20.15 ECG recorded on precordial leads and intracoronary ECG that shows the small changes of T wave in precordial leads (see 
after inflation 1, peaked T wave that after successive inflations is less evident. However, the decrease of ST changes due to preconditioning 
after several inflations is much better seen in intracoronary ECG (IC-ECG) (Reproduced with permission from Koning R, Cribier A, 
Korsatz L, Stix G, Chan C, Eltchaninoff H, Letac B. 1993.) 


Table 20.4 ECG patterns in non-ST elevation myocardial infarction (50% of ACS). Non-STEMI: non-occluded artery and non-transmural 
involvement. Without pain the ECG may change sometimes dramatically and even may be normal (Figure 20.18) 


ST depression ~ 70% 


Flat/negative T wave (= 15% of cases) 


Changes of U wave (< 1%) 


ECG normal or unmodified (= 15%) 


Extensive involvement: ST} in 27 leads with STÎ in 1-2 leads (VR > V1): 

e STTVR: STÎ VR >1mm: severe LM or proximal 3VD subocclusion 

e STÎ VR <1mm: severe proximal LAD subocclusion or LCX subocclusion or less severe 3VD/ 
LM 

e The ECG pattern of repolarization in precordial leads presents different grades of STL 
morphology. The most possible correlation with the culprit artery, with limitations, to be 
confirmed in larger studies, are the following: 


Lead VR Mid-precordials leeads 
A. STÎ> 1mm A. Jw LM (Figure 20.18) 
LM/3VD (Figure 20.19) 
3VD (Figure 20.20) 
B. STT<1mm B. Usually 3VD/may be non severe LM 
Also STJ in | and VL (Figure 13.29) 
C. STÎ <1mm Ç: ys Figure 20.21. Severe LAD proximal 
subocclusion 
D. STT <1mm D. I~ Lex proximal subocclusion. Also 
ST} in Il and VF 


Regional involvement: ST} in <7 leads 

e STL in V1-V4. May be STEMI (LCX) or NSTEMI (usually proximal LAD subocclusion (see 
text)) 

e ST} in inferior leads: RCA/LCX subocclusion (exceptionally occluded with collaterals/ 
preconditioning) (Figure 20.23) 

e ST} in V4-V6: and often in some FP leads: The culprit artery is RCA or LCX. In some cases 
distal LAD. Often there is 2/3VD (Figures 20.24-20.26) 


May be seen in different locations: V1-V3 proximal LAD (Figure 13.12); V4-V6 (distal LAD/LCX), 
etc. 


May be seen as a post-ischemic pattern in case of LAD involvement (Figure 20.16), and also in 
case of acute ischemia (negative U with pseudonormalization of T wave) (Figure 20.27) 


The ECG may be normal even during pain. Usually ACS with normal ECG during pain has 
good prognosis. Many cases with 3VD or LM trunk without pain present with normal ECG 
(Figure 20.18) 
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Figure 20.16 A 46-year-old patient with previous precordial pain. The ECG (B) without pain showed very discrete changes in V2-V3 
leads (slightly negative U wave with somewhat positive T wave) (see V). These small changes are significant when compared with the 
previous ECG taken few months ago (A). The exercise stress test was positive and the coronary angiography showed proximal LAD 
stenosis resolved by percutaneous coronary intervention (PCI). The subsequent ECG was the same as the initial one (A). 


in two contiguous leads with a prominent R wave, or 
R/S ratio > 1 and/or negative T wave in two or more con- 
tiguous leads (see Table 13.1). We would like to make 
some comments on this statement (see also Chapter 13 
Changes of repolarization: T wave). 

e The presence of a persistent and negative/flat T wave 
in the evolution of NSTEMI as an isolated finding 
without ST changes exists when anginal pain has 
already disappeared (Figures 13.12, and 20.26), and cor- 
responds to a post-ischemic change not to acute crisis of 
ischemia. However, this does not signify the problem is 
over. Often an important and even ulcerated sub occlu- 
sion persists, even the artery is at least partially open, 
and not complete transmural involvement takes place. 
Therefore, a new crisis of acute ischemia may occur, 
indicating intensive treatment and hospitalization. 
Although coronarography is not needed as an emer- 
gency procedure, it should be performed as soon as pos- 
sible (Figure 13.12 and 20.16). 

e During the appearance of dynamic ST depression 
changes may be seen in some leads from a positive T 
wave to flat/mildly negative T wave, but it is a dynamic 
and very transient change that is never found isolated, 
but rather is always accompanied in many leads by ST 
segment depression. This is clearly demonstrated using 
the MIDA method of recording (Figure 20.17). 


ECG characteristics of NSTEMI with ST depression 

(see Chapter 13) 

We consider two types according to the number of leads 
with ST depression: extensive involvement and regional 
involvement. 

— In the case of extensive involvement, in the presence 
of pain there are 27 leads with ST depression and there 
is ST elevation in VR and often V1 (VR > V1) (Yamaji 
et al. 2001; Kosuge et al. 2011). It is advised (Nikus et al. 
2010 and 2011) that the threshold for ST depression in 
precordial leads be adjusted for age and sex, and that the 
threshold for ST elevation in VR be specified as 0.05mV. 
In around 50% of cases, the ECG in the absence of pain 
will be normal or nearly normal (Figure 20.18). 

This ECG pattern may be seen in LMT subocclusion, 
three-vessel disease subocclusion, and isolated but 
tight and proximal LAD and rarely in proximal suboc- 
clusion of large LCX. The ST depression is seen espe- 
cially in V3 to V6 and I, II, and VF and/or VL; ST 
elevation in VR exists in severe LMT/3VD, usually 
>Ilmm (Figures 20.17-20.21). If there is an increased 
heart rate, the upsloping ST depression may be influ- 
enced by the tahycardia (Birnbaum et al. 2011). Although 
there is no definitive statement clarifying the culprit 
artery in the case of diffuse ST depression in 27 leads 
with ST elevation in VR, we suggest, based on recent 
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Figure 20.17 (A and B) Changes of ST/T during angina crisis in the case of left main trunk (LMT) subocclusion (A) and severe three- 
vessel disease (B). See the differences in A and B before and after pain. It is evident, especially in LMT subocclusion, that the increase of ST 


depression is accompanied by negative or nearly negative final T wave. 


papers (Kosuge et al. 2011) and our experience, the 
following (Table 20.4). 

e Cases with severe LMT subocclusion (> 75%) and LMT 
equivalent (LAD + LCX proximal severe subocclusion) or 
severe three-vessel disease subocclusion (>90% stenosis 
LAD, LCX, and RCA) present during pain ST elevation in 
VR >1mm (80% SE, 93% SP) (Kosuge et al. 2011) (Figures 
20.18-20.20). It is important to remember that VR is a 
mirror pattern of a lead located between I and II in which 
ST depression would always be present (see Figure 6.11) 
(Table 20.4). Usually the final positive T wave in precor- 
dials if it exists is mild (Figure 20.18). In the case of LMT 
subocclusion, although sometimes the ST depression in 
precordials is <2mm, the ST elevation in VR is >1mm 
(Figure 20.19). 

e Cases with proximal three-vessel subocclusion/occlusion 
sometimes present with an important upsloping ST depres- 
sion with a final tall positive T wave (Figure 20.20). 

e Cases with less severe LMT or three-vessel disease may 
present ST depression in precordials with a small posi- 
tive T wave and ST elevation in VR <1mm. 

e Compared with severe LMT or three-vessel disease, 
cases of severe proximal LAD subocclusion (Figure 
20.21) present with fewer changes in the frontal plane 
(especially less ST elevation in VR). In the horizontal 
plane the ST depression in precordials is upsloping and in 
general not very important, followed by a final positive 
tall T wave. This pattern may be also seen in some cases of 


three-vessel disease, but in these cases there is usually 
more ST elevation in VR (compare Figures 20.21 and 
20.28A) (Table 20.4). This type of ECG pattern indicates 
that despite severe occlusion there is no transmural 
homogeneous involvement of the left ventricular wall by 
the ischemia. In fact this pattern corresponds to the De 
Winter pattern (Figure 20.8B). Without treatment, or often 
despite treatment, it evolves to “q” wave and deep nega- 
tive T wave and this mean that NSTEMI has converted in 
a STEMI, and a Q wave of MI usually appears (Figures 
20.8B and 20.21), as happened with the cases reported by 
Dressler and Roesler (1947) in the pre-fibrinolitic era, 
which evolved to a Q wave extensive anteroseptal MI 
(Figure 20.9 right). 

e Cases of severe proximal predominant LCX subocclu- 
sion may also present with slight ST depression in 
mid-left precordials followed by a tall positive T wave. 
Compared with the De Winter pattern, a tiny “q” in V1- 
V3 never appears and ST depression always exist in the 
left precordials, usually with Rs pattern and especially 
with a smaller positive T wave (compare Figures 20.8B 
and 20.22). 

Table 20.4 shows all these patterns. However, in spite of 
all these considerations their predictive accuracy still 
has to be confirmed in a larger trial. 

In cases of regional involvement the culprit artery is in 
general a subocclusion of a proximal short LAD, distal LAD, 
or LCX/RCA. However, sometimes two- or three-vessel 
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disease is responsible. Table 20.4 shows the three groups of 
pattern that may be found: 
e Isolated ST depression in V1-V4 (Figure 20.23); ST 
depression in V1-V4 corresponds to LAD subocclusion (or 
total occlusion with collaterals/preconditioning). In gen- 
eral, ST depression in V1 is mild or non-existent (Figures 
20.21). It is important to rule out STEMI equivalent (LCX 
occlusion) (ST depression evident in V1) without positive 
T wave in V2-V3 and sometimes the ST elevation in infe- 
rior or lateral leads is mild or non-existent (Figure 20.7). 
e Isolated ST depression in inferior leads (Figure 20.23). 
e ST depression in V4-5—6 and often in some leads of the 
frontal plane (including ST elevation in VR). 
e A patient that presents with ST depression in left lateral 
leads and some frontal leads, without final evident positive 
T wave, will usually have two- or three-vessel disease 
and a poor prognosis (Barrabes 2000; Nikus et al. 2004, 
Birnbaum and Atar 2006; Birnbaum et al. 2011). 

In all the cases of regional involvement it is practically 
impossible to identify the culprit artery with high predic- 
tive accuracy (Figures 20.24-20.26). 


Figure 20.18 (A) ECG without pain is 
practically normal. (B) ECG during pain 
shows ST segment depression and inverted 
T waves in more than eight leads, maximally 
in leads V4—V5 where there is no positive 

T wave and ST segment elevation >1 mm in 
lead aVR (circumferential subendocardial 
involvement). (C) Coronary angiography 
shows tight stenosis in the left main 
coronary artery before and after primary 
percutaneous coronary intervention (PCI). 


ECG characteristics of NSTEMI with flat or negative T wave 
and negative U wave. 

The negative T wave is usually not deep (<2mm) and is 
not diffuse. It is more frequently seen in leads with a 
dominant R wave (Figure 20.26A) but may be also seen in 
V1-V3 (rS pattern) (Figures 13.12 and 20.16). This type of 
T wave may become an ST depression with pain or exer- 
cise test (Figure 20.26B). 

As previously mentioned, the prognosis is better than 
in cases of ST depression because it usually appears after 
the cessation of pain (post-ischemic change). If pain reap- 
pears, the prognosis depends on whether the ECG pattern 
remains unmodified (better prognosis) or an ST depression 
appears. However, non-emergency PCI is recommended 
in the presence of a T wave of these characteristics in the 
subacute phase of ACS because a coronary subocclusion 
often exists that sometimes may be tight (see above) 
(Figures 13.12 and 20.16). In general, biomarkers are 
negative or in resolution. 

Sometimes in case of NSTEMI the flat/mild negative T 
wave is accompanied by a negative U wave (Figure 20.16). 
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Figure 20.19 The ECG taken during pain shows ST segment depression not very pro 


li i 


clear (>1mm) ST elevation in VR. The patient presented with severe left main trunk (LMT) subocclusion. The ECG after pain shows flat 


T wave in leads with previous ST depression. 


Figure 20.20 The ECG of a patient with an NSTE-ACS and three-vessel disease with proximal subocclusion of LAD and LCX that shows 
during angina a huge ST segment depression in many leads more prominent in precordial leads V3-V5 with tall positive T wave and with 
ST segment elevation in VR and V1. This case is similar to that shown in Figure 20.21 but the presence of ST elevation in VR >1mm in this 


case is in favor of proximal three-vessel disease. 


If a patient who has presented with precordial pain 
arrives within a few hours at the Emergency Department 
with a very deep negative T wave without Q wave MI, 
and with normal or borderline biomarkers, but without 
pain at entrance, the most probable explanation is that it 
corresponds to atypical pattern of STEMI and not to an 
NSTEMI (Figure 20.27A). Some times, if pain reappears 
the negative T wave seudonormalizes and negative U 
wave may appear (Figure 20.27 B to D). 


Normal ECG 
A patient with ACS and a normal ECG at entrance can 
later evolve to a clear ACS even with LMT subocclusion 


(Figure 20.18). The ECG may remain normal in 5-10% 
of cases during an ACS even during crisis of pain. 
Sometimes the changes of T wave are very subtle, and 
may be advisible to compare, if possible, with previous 
ECG (Figure 20.16). The cases that maintain a normal 
ECG usually have a good prognosis. 


Differential diagnosis 
Abnormal ST depression may be seen in many other 
circumstances (see Table 13.5, Figure 13.59). 

Flat or usually mild negative T waves may also be 
seen under many other conditions (see Table 13.3 and 
Figure 13.16). It is important to emphasize that except in 
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Figure 20.21 (A) ECG showing diffuse ST segment depressions with positive T waves in the inferior leads I], II, and aVF and in leads V2-V6 
besides ST segment elevation in lead aVR. ST elevation in lead aVR no> 1mm. The ST segment in lead V1 cannot be reliably analyzed because 
of technical artifacts. (B) Right coronary artery with a large posterior descending (PD). No significant stenoses are present. (C) Left anterior 
oblique caudal angiographic view shows a very tight stenosis in the proximal LAD (arrow). (D) Discharge ECG of the patient showing Q wave 
in V1, V2, and inverted T waves in leads V2-V6 and in leads I and aVL. Probably the patient presented with STEMI with finally residual “q” in 
V1-V2 and a deep negative T wave in V2-V5 due to final transmural involvement (Adapted with permission from Gul and Nikus 2011). 


hy pele TT ee 
With pain EL ae A te 2 it. 2 ores aA 


Cande a os A f Figure 20.22 ECG of a patient with NSTE- 
ane ACS with ST depression in seven leads 


(V3-V6, I, II, VF). This corresponds to the 
type D of Table 20.4 that is usually seen, as in 


uN 
SAn ee Lott) tok. | this case, due to proximal subocclusion (95%) 


cases of perimyocarditis, in which the affected zone may 
be limited to the subepicardium, in cases such as ischemia 
or other causes, the ECG pattern of flat/negative T waves 
is a result of a transmural affected area of the left ventricle 
presenting with a delayed transmural repolarization 
(longer TAP) compared with the rest of the left ventricle 
(see Figures 13.6F and 13.7D). 


of the large left circumflex artery (LCX). 


The prognostic value of ECG changes at admission 
(Bayés de Luna and Fiol Sala 2008) 


General considerations 

e We have already stated that the GRACE score is useful 
both in STEMI and NSTEMI patients (Eagle 2004; Abu- 
Assi 2010). In NSTEMI to evaluate the risk of death at six 
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Figure 20.23 Patients of the Triton TIMI 38 trial presenting with isolated ST depression in V1-V4. Note the type of occluded artery, TIMI 
flow, and troponin levels (positive or negative) and presumibly the ACS type, according the results of the study (adapted from Pride 2010). 
The information about the presence or not of final positive T wave in the presence of ST depression and in which leads ST depression is 
more evident is lacking. Probably the cases of LCX or RC total occlusion are true STEMI and need emergent PCI. UA=unstable angina 
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Figure 20.24 Patient with NSTE-ACS with ST depression in <7 
leads. In this case it is difficult to identify the culprit artery that is 
the right coronary artery (RCA) (95% occlusion) (ST depression 
in lead I). 


months. If the risk is >3% a coronariography before 96h. 
is advised, and according with the results we will proceed 
with medical treatment, PCI, or CABG. 

e The differentiation between an unstable angina and a 
non-Q wave infarction is mainly based on the presence or 
not of increased enzyme levels (troponin). 


Figure 20.25 In this case that is similar to Figure 20.24, the 
culprit artery is 95% proximal occlusion of the left circumflex 
artery (LCX). 


e The presence of confounding factors that are relatively 
frequently found in NSTEMI represents a poor prognosis. 
e The recording of ST segment monitoring is important 
for observing changes at follow-up with and without pain. 
e Patients may evolve to non-Q wave MI or unstable 
angina. The differential diagnosis is based on the clinical 
symptoms, the presence of more severe ECG signs and 
especially on the levels of biomarkers. In a few number of 
cases patients evolve to Q-wave MI (Figures 20.1, 20.8B, 
20.9B, and 20.21). 
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Figure 20.26 (A) Patient with NSTEMI that shows slightly flattened T wave in lateral leads. (B) During angina crisis clear ST segment 


depression appears in leads with previous flat T wave. (C) The Coronary angiography shows obstructive lesions in the three main vessels 
(complete occlusion in the right coronary artery (RCA)). 
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Figure 20.27 (A) Basal ECG (V1-V6) with ECG pattern of very 
deep negative T wave in a 65-year-old patient with daily crisis of 
variant angina that always appeared at the same hour. During a 
crisis (B, C), there is pseudonormalization of the ST segment with 
an evident negative U wave. A few seconds later, the ECG returns 
to the original situation (D). The five morphologies in the fourth 
strip are samples taken minute by minute, with a total duration of 
pain of 5 min that shows the changes in V3 from positive, T 
negative U wave during pain to negative T wave after the crises. 


High-risk group 

The most important ECG signs of risk are as follows: 

e Overall, patients with NSTEMI and ST segment 
depression upon arrival to the hospital have a worse 
prognosis than patients with flat negative T wave. These 
patients often present with angina and more frequently 
have two- or three-vessel disease as well as many more 
complications than those presenting with a flat/slight 
negative T wave that usually are already asymptomatic. 
e Patients with deeper ST segment depression in various 
ECG leads have the worst prognosis. In these patients an 
early invasive strategy may reduce the risk of death or 
MI up to 50% (Holmvang et al. 1999). 

e Cases that evolve to non-Q wave infarction generally 
refer more frequent crises of longer duration of angina, 
and their ECG recordings exhibit ST segment depression 
more frequently than negative T waves. 

e Cases with a deep negative T wave in precordials 
(V1-V4-V5) present with proximal LAD occlusion 
already partially open and represent an atypical pattern 
of STEMI (reperfusion pattern) (Figure 20.6C) (see before). 
e The presence of evident ST segment depression in 
seven or more leads with ST segment elevation in VR 
>1mm and sometimes V1 (circumferential involvement) 
(Yamaji et al. 2001; Kosuge et al. 2011) suggests LMT 
severe subocclusion and indicates a pattern of bad prog- 
nosis (Figure 20.18) (Kosuge et al. 2011). The final part of 
the T wave in V4-V5 is often negative because it is 
involved in the important ST depression (see Table 20.4). 


e There are high-risk patients with tight subocclusion of 
the proximal LAD and LCX (LMT equivalent), in whom 
the ST segment depression is often also very large, but the 
final T wave is clearly positive in V3-V5 (Figure 20.20). 

e The cases with ST segment depression in fewer than 
seven leads with the worst prognosis present with ST 
segment depression in V4-V6 and in some frontal leads 
without a positive T wave or only a mild positive T wave 
(Birnbaum and Atar 2006) (Figure 20.26). 


Low-risk group 

The ECG signs of low risk are as follows: 

e The cases of NSTE-ACS with only mild flat or negative 
T waves have a better prognosis. However, non-emergency 
coronary angiography is recommended, especially when 
these small changes are present in V1-V3, because some- 
times a tight proximal LAD occlusion is present and 
therefore the patient is at risk for acute ischemia. 

e Patients with a normal ECG have the best prognosis 
(Bayés de Luna and Fiol 2008). 

e Patients with unstable angina usually experience fewer 
pain episodes and their ECGs are less abnormal (flat- 
tened or slightly negative, T wave) with normal levels of 
troponins. 


Changes from NSTEMI to STEMI ECG patterns 
and vice versa 
We have explained that the ECG changes of STEMI are 
due to transmural homogeneous involvement usually 
with a completely occluded artery and that the ECG find- 
ings of NSTEMI are due to incomplete transmural 
homogeneous involvement with usually non-total, 
although it may be tight, occlusion. If, for any reason, a 
patient with predominant ST depression due to NSTEMI, 
often with positive terminal T wave, presents spontane- 
ously (acute thrombosis, coronary spasm, or occlusion of 
a stent) with total occlusion and there is no collateral cir- 
culation/preconditioning, an absolute transmural 
involvement exists and the ECG pattern changes from 
NSTE to STE (see Figure 20.28). In fact, in the first minutes 
of STEMI the only ECG change is a tall/wider T wave that 
evolves quickly to ST elevation (transmural homogene- 
ous involvement). However, sometimes the subendocar- 
dial involvement that is important persists because the 
artery, usually the LAD, is not completely occluded, and 
the ECG not only presents with a tall T wave but also 
some ST segment depression. We have already mentioned 
that this pattern, which was described many decades ago 
by Dressler and Roesler (1947), usually evolves to STEMI 
(Figure 20.8B). We know that this change from NSTEMI to 
STEMI occurs when transmural and homogeneous 
ischemia exists (Figures 20.8B. 20.9, 20.21 and 20.28). 

In contrast, sometimes a patient with ACS presents in 
the first phase with an ECG pattern of STEMI 
(Figure 20.29) (tall T wave in V1-V3 and ST elevation in 
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I, VL, and V2). In the first instance only antithrombotic 
treatment was given and the patient was sent to a refer- 
ence center. On arrival the treatment has partially 
opened the artery and the tall T wave in the precordials 
is now converted to clear ST depression (NSTEMI). 
Finally, the artery is opened with PCI and the ECG 
normalizes, showing only a mild negative T wave 
(Figure 20.29). 


Acute coronary syndrome with confounding 
factors: left ventricular hypertrophy and 

wide QRS 

These cases correspond to 20% of all ACS. In cases of 
LVH with a strain pattern and/or wide QRS complex, the 
diagnosis of ACS is more difficult, especially if concurrent 


Figure 20.28 (1-A) ECG taken in a patient with 
NSTEMI and three-vessel disease. (1-B) Occlusion 
of RCA + LCX + LAD distal to big diagonal. Note 
ST depression from V3 to V6, I, II, VF with a final 
positive T wave that is very tall in V3-V5 and ST 
elevation > 1mm in VR (see Table 20.4). (2-A) ECG 
recorded during chest pain 18 hours after stent 
implantation in LAD. Note ST elevation in V1-V5 
consistent with STEMI due to LAD occlusion (stent 
thrombosis), as demonstrated by coronarography 
(2-B) (see arrow) (Reproduced with permission 
from Stankovic I, Ilic I, Panic M, et al. 2011.) 


with NSTE-ACS. Performing the recording of a sequential 
pattern may be useful (see Figure 13.57). 


Bundle branch block and other situations 
with wide QRS 
The presence of bundle branch block in patients with 
ACS is not frequent (= 2-3%), and usually indicates a bad 
prognosis, mostly left bundle branch block (LBBB). This 
is especially true: (i) when the bundle branch block has 
developed during the ACS; (ii) when the duration of 
QRS is very wide; (iii) if ST segment elevation resolution 
is delayed; and (iv) if the ST deviations are very 
striking. 

The presence of new LBBB is less frequent than RBBB 
because the left bundle presents with double perfusion 
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Figure 20.29 (A) A59-year-old patient with 
acute coronary syndrome (ACS) and 
oppressive chest pain that lasts for more than 
1 hour. The ECG corresponds to a first-stage 
STEMI (ST elevation in I and VL and tall wide 
T wave from V2 to V5 of the hyperacute 
phase). The patient received antithrombotic 
treatment and was sent to reference hospital 
for percutaneous coronary intervention (PCI). 
On arrival (B), the patient still presented with 
precordial pain of lower intensity and the 
ECG has changed very much. Now the ST in 
I and VL is only mildly elevated and in the 
precordial leads there is a pattern of NSTE 
similar to the ECG pattern that may be seen in 
isolated tight subocclusion of LAD (ST 
depression V2-V5). In fact, the patient 
presents with tight subocclusion of the big 
first diagonal with LAD involvement that has 
been partially opened after treatment. The ST 
depression in the precordials means that at 
this moment there is no any part of the left 
ventricular walls with transmural involvement 
and that predominates subendocardial 
involvement (NSTEMI). Finally, after PCI the 
ECG only presents negative T waves (C). 


(LAD + LCX). In contrast, the right bundle receives perfu- 
sion only from the first septal branch. Therefore, an 
appearance of RBBB is a sign of a proximal LAD occlusion 
in the clinical setting of ACS. 

In the presence of RBBB the diagnosis of STEMI is 
possible in a similar way to that in normal situations. 
Remember that in the presence of RBBB the presence of 
ST elevation in V1, even if mild, is always suspicious of 
abnormality and may be the key marker to suspect STEMI 
(Figure 20.30). 

New or “presumably new” LBBB is considered an 
ECG criterion equivalent to ST segment elevation in 
the case of ACS (STEMI). Therefore, the activation of the 
catheterization laboratory to proceed to emergency PCI 
is recommended. In fact, some cases of STEMI in the 
presence of LBBB or other situations with wide QRS 
(pacemaker or WPW), may show clear ST segment 
elevation (Figure 13.53). Sgarbossa et al. (1996) reported 
that, in cases that were clinically compatible with acute 
MI in the presence of LBBB, the diagnosis is supported 
by the following criteria: (i) ST elevation >1mm 
concordant with the QRS complex; (ii) ST depression 
>1mm concordant with the QRS complex; and (iii) ST 
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elevation > 5mm non-concordant with the QRS complex. 
Similar criteria are also useful in the presence of a pace- 
maker or WPW pre-excitation (see Chapter 13). However, 
only some of the patients with new ECG pattern of LBBB 
present with the criteria described by Sgarbossa, which 
are very specific (100%) but have low sensitivity (15%) 
(Jain et al. 2011). 

Nevertheless, PCI has evolved as the preferred reperfu- 
sion therapy for STEMI, and all patients with new or 
“presumably new” LBBB, including all cases without 
Sgarbossa criteria but with chest pain or symptoms com- 
patible with ACS, are considered STEMI and thus submit- 
ted to PCI. Currently, the estimated frequency of 
false-positive cardiac catheterization laboratory activa- 
tion for suspected STEMI in PCI networks is approxi- 
mately 10%, and the presence of LBBB is a frequent cause 
for the misdiagnosis of STEMI (Larson et al. 2007). On the 
other hand, the most common cause for STEMI being mis- 
diagnosed as NSTEMI is LCX occlusion with predomi- 
nant ST depression in V1-V4 (Figure 20.7). 

In contrast, the diagnosis of concurrent NSTEMI in 
the presence of confounding factors may be even more 
difficult because the there are no visible changes in the ECG, 
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Figure 20.30 Patient who presented with dubious chest pain the day before that lasted for 2-3 hours. The pain was considered to be of 
rheumatic origin. The patient has chronic obstructive pulmonary disease (COPD) and presents with right bundle branch block (RBBB) in 
the ECG. The ECG pattern of V1-V3 suggests an ischemic origin of the pain. The ST segment is a little above the isoelectric line especially 
in V1 and the T wave is too deep and symmetric. The patient was shown to have three-vessel disease on coronarography. 


or the changes may be confused with basal ECG changes 
(see Figure 13.57). 


Mistakes performed in the ECG 

interpretation of ACG 

In our opinion, the most frequent mistakes made in the 
interpretation of ECG in the course of ACS are the 
following: 

e Considering cases of LCX occlusion that present with 
an ST depression in V1 to V3-V4 as the major change 
(with often minimal ST elevation in some inferior /lateral 
leads) as NSTEMI. These are clear cases of STEMI that 
need to be treated with emergency PCI (Figures 20.7 and 
13.50). In many papers (From et al. 2010), the number of 
cases of STEMI when the culprit artery is the LCX are 
much lower than those with other culprit arteries, 
although the cases diagnosed as NSTEMI due to LCX sub- 
occlusion present with higher levels of troponins and do 
not have good collateral flow. It is clear that many cases 
of STEMI due to LCX occlusion are underdiagnosed. 
There are no any logical explanation that the LCX artery 
may be less prone to plaque rupture leading to a fewer 
cases of STEMI (From et al. 2010). We consider that the 
STEMI events due to LCX occlusion are underdiagnosed 
because the ECGs (ST depression in V1 to V3-V4) are 
often not well interpreted. Posterior leads and body 
mapping (McClelland et al. 2003) may help to clarify the 
diagnosis (Figures 20.7B and 25.18). However, we believe 
that the interpretation of subtle changes of ST in 12-lead 
surface ECGs may be of great help in performing a correct 
diagnosis and may avoid the use of other recording tech- 
niques (Figure 20.7A). 

In the hiperacute phase of ACS it is very important to 
perform the differential diagnosis between STEMI (LCX 
occlusion) and NSTEMI (LAD subocclusion) in the pres- 
ence of ST depression in V1-V3-V4. In the first case (LCX 
occlusion) it is an emergency to activate the catheteriza- 
tion laboratory.The ECG usually solves the problem 
because in case of LCX occlusion presents STdepression 
already in V1, and there is not final positive T wave (or 
very small). On the contrary, in cases of LAD subocclu- 


sion the ST depression in V1 is mild and in V2-V4 there is 
final evident positive T wave (see Figures 20.7 and 20.21). 
During the evolving process of LCX occlusion a RS pat- 
tern with less ST depression and final positive T wave 
appear as a mirror pattern of lateral wall involvement. 

e Not knowing that the only change in the hyperacute 
phase of STEMI is often a change of T wave, usually 
peaked, taller, and more symmetrical (Figure 20.6B). 

e Interpreting the presence of tall and peaked T wave 
when it is accompanied by some ST segment depres- 
sion, as a typical NSTEMI and therefore, not treating 
with emergency PCI. When this ECG pattern is present it 
is true that there is no transmural homogeneous involve- 
ment, and in this moment if the ST depression is evident 
that corresponds to NSTEMI (Figures 20.21 and 20.8). 
However, it is also clear that these patients probably 
need to be treated with emergency PCI, because the 
majority of them will evolve to a true STEMI (this needs 
to be considered in the guidelines) (Dressler and Roesler 
1947; Sagie et al. 1989; De Winter et al. 2008) (Figures 20.8 
and 20.9). 

e Considering that small negativity of T waves, espe- 
cially in V1-V3, in the course of ACS do not represent 
danger of new events and that the presence of very deep 
T waves is always a sign of impending MI. In this regard 
we can state the following: (i) The presence either of flat/ 
negative T wave $2mm (Figure 13.12) or deep negative T 
wave (Figure 13.11) may be found in patients with critical 
LAD stenosis. (ii) The very negative T wave that appears 
in the course of an ACS is usually an atypical pattern of 
STEMI that at this moment represents a post-ischemic 
change (ischemia/reperfusions pattern) because usually 
the artery is open or many collaterals exist (no angina at 
this moment) (Figure 20.6B). However, it may suddenly 
evolve into pseudonormalization of negative T wave and 
an ST elevation. (iii) When the negative T wave is mildly 
deep (<2mm) (Figure 13.12) it usually corresponds to 
NSTE-ACS and represents at this moment a post-ischemic 
change that may occur also in the presence of tight LAD 
occlusion. In this case an urgent, not emergency, PCI is 
recommended. 
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Arrhythmias in acute coronary syndromes 

We do not discuss this topic in depth in this book 
(consult Bayés de Luna and Fiol 2008 and Bayés de Luna 
2011). However, it is necessary to point out that acute 
ischemia frequently triggers ventricular arrhythmias 
which may lead to ventricular fibrillation and sudden 
death (Figure 20.2 and Chapter 16, Ventricular fibrilla- 
tion). In fact, in nearly 50% of cases of sudden 
death acute ischemia is the trigger of the fatal event 
(Figure 20.2), and ischemic heart disease is the most 
frequently associated disease. 

From an experimental point of view, ventricular arrhyth- 
mias have been shown to develop after ligature of a coro- 
nary artery in two phases. The first phase occurs after a 
few seconds, and is probably induced by a reentry mecha- 
nism, the second phase occurs after a few hours, and is 
most likely explained by post-potential (Janse 1982). 

Severe ventricular arrhythmias, runs of ventricular 
tachycardia and, occasionally, ventricular fibrillation 
appear in relation to most severe degrees of ischemia. 
This is especially true in case of long-lasting ischemia and 
hearts with poor ventricular function (Bayés de Luna et al. 
2011). Cases with the most severe ischemia, such as a cor- 
onary spasm with total occlusion of a large epicardial ves- 
sel (Prinzmetal angina or ACS with grade III of ischemia), 
is accompanied by significant ST segment elevation or 
even a TAP morphology (Figure 20.45). In the most 
extreme cases, T wave or ST segment alternans is observed 
(Figure 20.48). In general, severe ventricular arrhythmias 
do not appear immediately after the acute occlusion, but 
rather after a few minutes. Therefore, the danger of ven- 
tricular fibrillation is much more frequent in STE-ACS 
evolving to MI than in coronary spasm. 

The most frequent supraventricular arrhythmia to 
occur during ACS is atrial fibrillation. 

Also all types of passive arrhythmias (sinus bradycar- 
dia, sinoatrial and AV block-RCA occlusion) may be 
found (Figure 20.31). 


Mechanical complications of an ACS 

evolving to myocardial infarction (Color 

Plate 5) (Bayés de Luna and Fiol Sala 2008) 
Fortunately, with the introduction of new treatments of 
acute phase, mechanical complications are much less fre- 
quent these days. 

Free-wall rupture accompanied by cardiogenic shock 
may take place during the evolution of a Q wave acute 
MI. The persistence of ST segment elevation at the end of 
the first week without evolving to negative T wave as a 
sign of regional pericarditis, is an indirect risk marker of 
cardiac rupture (Color Plate 5) (Reeder and Gersh 2000). 
This persistence of ST segment elevation, which is gener- 
ally more persistent than significant, is seen more 
frequently in inferior and/or lateral wall MI than in ante- 
rior wall MI (Oliva et al. 1993). In general, the RCA and the 


LCX are more frequently involved than the LAD, and 
the lack of well-developed collateral circulation favors the 
occurrence of transmural MI (Q wave or equivalent) 
with transmural homogeneous involvement of the 
entire wall. 

In patients with an evolving inferior acute MI the pres- 
ence of PR segment depression 21.2mm in II, II, and VF 
is associated with a higher risk of in-hospital mortality 
and free-wall cardiac rupture and/or atrial rupture when 
compared with patients without PR segment deviations 
(Jim et al. 2006). 

Septal rupture usually occurs, in turn, in larger 
infarctions, especially due to a proximal LAD occlusion. 
A systolic murmur may be heard, suggestive of a ventric- 
ular septal defect. Frequently, the patient presents with 
cardiogenic shock if surgery is not carried out urgently. 

The ECG may also show the persistence of ST seg- 
ment elevation (Figure 22.11) with a higher incidence 
compared to Q wave infarction controls and the existence 
of RBBB with or without added superoanterior hemiblock 
(SAH), advanced AV block, and atrial fibrillation. 

Finally, papillary muscle infarction is more frequent 
than previously thought (40% of STEMI), although its 
prognosis is better than expected in the absence of 
ruptures (Tanimoto et al. 2010). The rupture that occurs 
currently very rarely causes acute mitral regurgitation 
frequently with acute pulmonary edema. Urgent surgery 
is often required. The posteromedial papillary muscle is 
more frequently involved, since its perfusion is derived 
only from the posterior descending artery (RCA or LCX), 
while the anterolateral papillary muscle has double per- 
fusion (LAD and LCX). In contrast to free-wall cardiac 
rupture, the infarct is frequently of the non-Q wave type 
(>50% of cases). 

With regard to ventricular aneurysms, their presence 
has been classically suggested by the persistence of ST 
segment elevation. In chronic patients, the sensitivity of 
this sign is poor. Just 10% of the patients in the post- 
infarction setting with ventricular aneurysm exhibit a 
higher than 0.1mV ST segment elevation (East and Oran, 
1952). Also, it has been described that some changes of the 
mid-late part of QRS, including rsR’in left surface leads 
(Sherif 1970) and other morphologies (fractioned QRS), 
are very specific of ventricular aneurysm (Reddy et al. 
2006) (Figure 20.32C). 


Other ECG changes in acute coronary 
syndrome 


P wave and PR segment 
The deviations of the PR interval are especially seen in 
pericarditis (Figures 9.31) and atrial involvement in cases 
of MI (Figures 9.30). 

The diagnosis of atrial infarction is based especially 
on the presence of PR segment deviations (elevation or 
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Figure 20.31 Patient with STE-ACS due to proximal occlusion of dominant RCA (ST depression in I, ST elevation III > II, ST isodiphasic 
in V1 and ST elevation in V6). The patient presented with 2 x 1 atrioventricular (AV) block and suddenly advanced AV block. 


depression in different leads) associated with reciprocal 
changes in other leads (specially ST segment elevation in 
VR and ST segment depression in II) and any atrial 
arrhythmias (Liu et al. 1961). 

Recently, it has been shown (Jim et al. 2006) (see above) 
that PR segment depressions 21.2mm in patients with 
inferior STE-ACS (ST segment elevation in II, III, and VF) 
are a marker for high risk of AV block, supraventricular 
arrhythmias, cardiac rupture and in-hospital mortality. 


Changes in the ORS complex 

ACS with ST segment elevation and severe ischemia often 
present changes in the final portion of the QRS complex 
(distortion of QRS) (see Figure 20.4C). Severe ischemia 
may also induce QRS widening with or without classic 
patterns of intraventricular block. The importance of 
some of these changes from a prognostic point of view 
has already been discussed (see above). 


QT interval 
During the acute phase of ischemia, a lengthening of the 
QT interval (transmembrane action potential) is the first 
manifestation of ischemia (Kenigsberg et al. 2007) (Figure 
20.13) (see ECG changes during fibrinolysis and percuta- 
neous coronary intervention, above). However, the 
change with respect to basal QT is difficult to identify. 
The presence of an evident long QTc interval at 
admission in a patient with ACS has been shown to be 


a marker of poor prognosis. In addition, patients with 
non-Q wave infarction, in comparison with those with 
unstable angina, have longer QTc intervals overall 
(Rukshin et al. 2002). However, this is not useful when 
applied to an individual patient. Therefore the troponin 
levels remain as the best way to distinguish whether an 
ACS with no ST segment elevation has evolved to a 
non-Q wave infarction or has remained as an unstable 
angina. 


U wave changes (Table 20.4) 

A normal U wave is always positive in the presence of 
a positive T wave and, under normal conditions, it is 
negative only in VR. In patients with different clinical 
settings of IHD, U wave abnormalities may be recorded, 
generally as a negative U wave, while the T wave may 
be negative, positive or flattened. The U wave may be 
positive when the T wave is negative (T-U discordance) 
(Reinig et al. 2005). 

When the negative T wave is recorded in precordial 
leads in patients with IHD, it is highly probable that the 
LAD is involved. 

A negative T wave may be present as acute ischemic 
events (STEMI or coronary spasm) (Figure 20.27) or 
during the post-ischemic phase usually in NSTEMI 
(Figure 20.16, Table 20.4). It should be noted that: (i) a 
negative U wave may be the only ECG sign of ischemia; 
(ii) it sometimes precedes ST segment changes; and (iii) it 
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Figure 20.32 (A) A55-year-old patient with previous myocardial infarction (MI) due to LCX occlusion who presents with a nearly normal 
ECG with low-voltage R wave in V5-V6 with evident “slurrings.” (B) A 60-year-old patient with MI eight months previously. The coronary 
angiography demonstrates occlusion of the LCX. There are striking final “slurrings” in II, III, VF, VL, and the right precordial leads 
(V2-V3). The Q wave in the inferior leads and the “r” wave in V1 are narrow, and additionally the R/S ratio <0.5. This is a case of MI 
shown by striking final “slurrings” of QRS. (C) A 65-year old woman in atrial fibrillation with two previous MIs due to RCA and 

LCX occlusion who presented with a typical fragmented ORS pattern. The ST elevation in the chronic phase is very suggestive of left 


ventricular inferoapical aneurysm. 


may increase the sensitivity of the exercise stress test 
(Correale et al. 2004). 


Changes in PVC morphology 

Repolarization abnormalities may be more visible in the 
premature ventricular complexes (PVCs) than in normal 
ones and sometimes even are seen in PVC only (Figure 
20.33). In addition, the ST segment depression in the PVCs 
in the exercise stress test has been shown to be more use- 
ful than the ST segment depression in normal complexes 
for predicting myocardial ischemia. The ST segment 
depression in the PVCs higher than 10% of the R wave 
amplitude in V4-V6 has a 95% sensitivity and a 67% 
specificity for predicting ischemia (Rasouli and Ellestad 
2001). However, cases of repolarization abnormalities 
exist in the PVCs of healthy patients, and thus the test 
specificity is not very high. 

Furthermore, a meticulous study of the QRS complex 
or the T wave morphology of the PVCs may suggest an 
old infarction (qR morphology, with a wide q wave or 
slurred QS complex and sometimes a symmetric T wave). 


Recurrence of acute coronary syndrome 
Recurrence refers to repeated episodes of ACS with or 
without ST segment elevation usually evolving into MI. 
It is not an infrequent event and usually appears after 
2-3 years after the index MI, often in a different location 
and with the same type of ACS, suggesting that some 
patients present with factors that predispose to repeated 
episodes of STE or non STE-ACS (Figure 20.34) (Bayes- 
Fiol 2008). 


ECG in chronic myocardial infarction with 
narrow ORS 


Evolutionary concepts 

Before the era of reperfusion, it was relatively easy to 
predict the final Q wave infarction pattern according 
to the acute phase of STE-ACS. With the current treat- 
ment strategies, this is impossible; if the treatment is 
started on time, the infarction may be aborted or faded 
(Figure 20.3). 
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In patients with chronic Q wave MI, it is currently 
impossible to determine, from the correlation with the Q 
wave pattern, the exact degree and location of the occlu- 
sion of the culprit artery at the moment of an acute attack, 
because the area at risk is initially larger and become 
smaller as reperfusion treatment is successfully applied 
(Figure 20.10). Therefore, in the chronic phase of Q wave 
MI what may be presumed is the location of the occlusion 
that produced the Q wave, but not the place of the 
occlusion when the ACS starts. 

In over 50% of cases of MI the QRS complex does not 
show a Q wave of necrosis or equivalent (R in V1-V2). 
The MI without Q wave encompasses the classic non-Q 
wave MI and many other types, as shown in Table 20.5, 
including the masked MI (wide QRS with LBBB and 
others) that sometimes may present with a Q wave. 
Furthermore, in 25-30% of cases, more in inferior MI, the 
Q wave disappears at follow-up due to the presence of 
collaterals (Figure 20.35), the appearance of new necrosis 
(Colour plate 4), or new bundle branch block. 

Until relatively recently, it was thought that MIs in an 
exclusive subendocardial location existed and were 
electrically mute. However, the concept that MI with Q 
wave is transmural and non-Q wave MI only involves 
subendocardial compromise is false. Now it has been 
demonstrated from a pathologic point of view that 
infarctions usually do not have an exclusive subendo- 
cardial location and that infarctions with predominant 
subendocardial involvement may or may not develop 
a Q wave. Furthermore, some transmural MIs, such as 
those involving the basal areas of the left ventricle, may 
not exhibit a Q wave (Moon et al. 2004). 


Contrast-enhanced cardiovascular magnetic resonance 
(CE-CMR) is the ideal technique for infarct identification, 
transmural characterization, and infarct localization and 
quantification. CE-CMR has demonstrated that the Q wave 
MIs are larger than non-Q wave ones, although they do not 
always have a deeper transmural extension. Therefore, the 
terms Q wave and non-Q wave MIs are useful in the 
chronic phase from a prognostic point of view but not for 
determining whether a MI is or is not transmural (see 
Chapter 13, Q wave of necrosis). 


Q wave myocardial infarction with narrow QRS 
(see Chapter 13) 


The evolution of the ECG pattern 

Since the early days of the ECG, the pattern of established 
transmural infarction has been associated with the 
presence of pathologic Q wave or its equivalents. 
Figure 13.31 shows the evolutionary appearance of the Q 
wave and negative T wave in cases of Q wave MI without 
modern treatment. Today, the evolution of the ECG may 
be very different if quick current treatment is established 
(see Figures 20.3 and 20.36). 


Diagnostic criteria of Q wave myocardial infarctions 

The changes associated with prior MIs are described in 
Table 13.1. Table 13.6 shows the ECG criteria of patho- 
logic (necrosis) Q wave that in the appropriate clinical 
context may be used to diagnose prior MI (Thygessen 
et al. 2007). The presence of fractioned QRS (Das et al. 
2006) must be considered abnormal and in the adequate 
clinical setting suggestive of prior MI. Remember that 


Figure 20.33 One example of exercise test in a patient with ischemic heart disease that demonstrates the presence of significant ST 
segment changes in premature ventricular complexes (see V3-V4) that were not so evident in normal sinus complexes. 
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Figure 20.34 Recurrent acute coronary syndrome (ACS). A 75-year-old man with old anterior myocardial infarction complicated by right 
bundle branch block (RBBB), who presented with heart attack. Note the old Q wave form V1-V4, sinus tachycardia (pulmonary edema), 
and ST segment elevation in the inferior leads and ST segment depression in the right precordial leads due to occlusion of LCx. 


To classify the ACS with narrow QRS and confounding 
factors in two groups -STEMI and non-STEMI- it is 
necessary to have a full understanding of the ECG 
patterns of each group (remember the atypical patterns 
of STEMI) and their various pathophysiological 
mechanisms. 

The most important pathophysiological aspect that 
determines the appearance of ST elevation is the presence 
of brusque and homogeneous transmural involvement in 
a territory without important subendocardial ischemia 
and collateral circulation. The prototype of that is a 
coronary spasm. After resolution of important spasm a 
reperfusion—post-ischemic—deep negative T wave often 
appears. 

Currently with modern treatment a patient with ongoing 
STEMI (tall peaked T wave) may convert to NSTEMI 
(Figure 20.29) and conversely a patient with NSTEMI if not 
treated quickly or if some complications occur (thrombosis 
of stent) may convert to STEMI (Figures 20.8, 20.21, 
and 20.28). 

All this information helps us to take the decision to 
treat as an STEMI (emergent PCI) some types of NSTEMI 
(ST depression + tall T wave) that much probably will 
evolve into STEMI without treatment (Figures 20.21 
and 20.28). 


there are many pathologic Q waves not secondary to MI 
(see Table 13.9). 


Location of Q wave myocardial infarctions 

A statement from the International Society for Holter and 
Noninvasive Electrocardiology (Bayés de Luna et al. 
2006b) presented a new classification system for Q wave 
MI based on the correlation between the Q wave and the 
infarcted area as assessed by CE-CMR performed by our 
group and others. (Bayés de Luna et al. 2006a; Cino et al. 
2006; Rovai et al. 2007; Van der Weg et al. 2009). We com- 
mented on this extensively in Chapter 13 (Figure 13.65). 


Table 20.5 Myocardial infarction without Q wave or equivalent 


A. Non-Q wave MI: ST depression and/or negative T wave 
B. Other types of MI without Q wave: 

e Infarction located in an area that does not generate Q wave of 
necrosis: 

— Atria (never single infarction): usually extensive MI of inferolateral 
zone (associated Q wave) 

— Right ventricle. It is usually associated with an inferior wall MI. It 
is due to an occlusion of a proximal RCA before the RV branches and 
usually presents Q wave of inferior MI 

— MI of basal areas of LV (distal occlusion of the LCX or RCA). 
Usually without Q wave, but often with fractioned QRS pattern 

— Microinfarction (enzymatic). ECG usually normal 
e Q wave MI, with Q that disappears during the follow-up 
(Figure 20.35) 

e Aborted MI with Q wave: acute coronary syndrome with ST 
elevation (infarction in evolution) with early and efficient reperfusion 
(Fig. 20.03). Rarely spontaneous thrombus resolution. Troponin level is 
decisive to separate unstable angina from MI without Q wave 

e Masked Q wave: 

Left bundle branch block 

Wolff—Parkinson—White, 
Pacemaker 


Often can present with an 
abnormal Q wave 


The most important conclusions of these correlations 
are as follows: 
e R/S 21 in V1 is never caused by MI of the inferobasal 
(old posterior) wall, but rather is always due to infarction 
of the lateral wall (see Figures 13.65 and 13.75). Other new 
criteria for lateral MI (R/S >0.5 and S wave <3mm in V1) 
that are more sensitive and maintain very high specificity 
have been published (Figrue 13.74) (Bayés de Luna 
et al. 2008). 
e Myocardial infarctions exclusive to the inferior wall 
always present small r in V1 (see Figures 13.71 and 
13.74). 
e AQ wave in VL (and sometimes in I and a small q in 
V2-V3) is in our experience not due to high lateral infarc- 
tion (LCX occlusion) rather to mid-anterior MI caused by 
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Figure 20.35 Patient with extensive anterior infarction. Note 
ECG normalization with Q wave disappearing and T wave 
becoming positive during 18-month follow-up. 


occlusion of the first diagonal (see Figure 13.69) (exten- 
sive anterior of Figure 13.65). 

e In the presence of MI of the anteroseptal zone with a Q 
wave beyond V2, the presence of Q in I and/or VL sug- 
gests that the infarction is more extensive than that of the 
apical zone (see Figure 13.68). 

e It is difficult to differentiate some types of MI of the 
anteroseptal zone, especially when the location depends 
on the presence or not of a Q wave in V3-V5. This is due 
to irregular methodology in the placement of electrodes 
(see Figure 13.77) as well as other problems such as 
body habitus, or type of coronary circulation, etc. 


Because of this, it is especially difficult to differentiate 
between septal and apical-anterior MI (types A-1 and 
A-2) (Figure 13.65) (Bayés de Luna et al. 2006b) (see 
Chapter 13). 


Quantification of necrosis 

Selvester et al. (1985) described a 31-point scoring system 
based on 50 criteria (e.g. the presence of Q wave in dif- 
ferent leads or R wave in V1 to V2 as a mirror pattern, 
etc.). The scores quantify the amount of infarcted tissue 
(3% of the left ventricular mass for each point). At the 
individual level, the standard error in myocardial dam- 
age quantification using this score is relatively large, 
resulting in limited clinical usefulness. The most impor- 
tant cause of errors with this scoring system comes from 
its inability to quantify basal infarcted areas, mainly the 
septal and lateral areas. 

The prediction of final MI size based on the amount 
of ST deviation on the admission ECG was reported 
(Aldrich et al. 1988). However, recently it has been demon- 
strated that this score with current treatments has a low 
correlation with real infarction size, probably because this 
score is not stable in the acute phase over time 
(Bouwmeester et al. 2011). 

Today, CE-CMR has been shown to be highly accurate 
in estimating the size of the infarcted mass, and has 
became the “gold standard” technique for damage 
quantification (Figure 20.37). However, it is still neces- 
sary to develop standards that may be consistently 
applied to CE-CMR measurements (Bayés de Luna and 
Fiol 2008). 


Myocardial infarction without Q wave 
or equivalent 


Concept 

MI without Q wave or equivalent includes all of the MIs 
listed in Table 20.5, including: non-Q wave infarction, 
infarctions located in areas that does not generate a Q-wave, 
right ventricular infarction, and atrial infarction among 
others. It should also be noted that relatively often the 
Q wave disappears during follow-up especially in case of 
inferior MI (see Figure 20.35). 

We should remember that the presence of an R wave in 
V1 in patients post MI may be equivalent to the Q wave 
as a mirror image expression of the Q wave of the lateral 
infarction (Figures 13.74 and 13.75). 

According to the new classification of MI developed 
by the European Society of Cardiology and the American 
College of Cardiology (Thygessen et al. 2007), the pres- 
ence of increased enzymes allows differentiation of a 
non-Q wave MI from unstable angina. The masked Q 
wave MI in the case of wide QRS will be discussed in the 
following section. 
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Figure 20.36 (A) A patient with acute coronary syndrome (ACS) with ST segment elevation with the ECG pattern found in cases 
of severe transmural ischemia (increase in R, disappearance of S wave, ratio J point/R wave > 0.5). Troponin levels were normal. 
(B) The ECG after primary percutaneous coronary intervention (PCI) of proximal LAD shows a deep negative T wave from V2 to 
V4, suggestive of opened artery (reperfusion pattern). (C) Some hours after PCI the patient presented with precordial pain with 
pseudonormalization of the ECG as a sign of re-occlusion (V2 lead shows artifacts). (D) Anew PCI demonstrates intrastent 
thrombosis and a new stent was inserted, and again non-prominent negative T waves were recorded. 

The ECG was normalized after a few days. The troponin levels were not elevated during the entire clinical setting. Therefore, 

this is a clear case of aborted myocardial infarction. Some years before, this ECG would certainly have evolved into extensive 


Q wave infarction (see Figure 20.3). 


Non-Q wave myocardial infarction 

In these cases the occlusion of the coronary artery is 
generally incomplete and the patient has usually had 
significant previous ischemia mainly in the subendocardial 
zone. Consequently, when the ischemia increases (ACS), a 
AP of poor quality is generated, predominantly in the 
subendocardium, accounting for the development of a sub- 
endocardial injury pattern (ST segment depression) that 
normalizes or at least decreased with time (Figure 13.25), or 
converts to flat/negative T wave (post-ischemic change). 

However, it has already been noted that there are trans- 
mural MIs without Q if the transmural involvement is in 
the basal part of the left ventricle, and that some predom- 
inant subendocardial MIs with extension to the mid part 
of the wall present Q waves (Figure 13.6D). The 
importance of the presence of Q waves is that the MI with 
a Q wave is larger (Moon et al. 2004) (see before). 

The abnormality of repolarization is sometimes an 
isolated negative or flattened T wave. These patterns 
much probably related to partial or total reperfusion and 
not to “acute” ischemia (see Chapter 13). This may 
explain the best prognosis of NSTEMI of “non-Q wave 
MI type” and negative T wave in the ECG. 

Furthermore, troponin levels are decisive in assuring 
that an ACS has evolved to an MI when the ECG pattern 
may not give the correct answer. A non-Q wave infarction 
is an NSTEMI that produces increased enzyme levels. 


The non-Q wave group of infarctions includes cases 
of large MI secondary to extensive involvement of the 
left ventricle but without homogeneous transmural 
involvement of the free LV wall, in cases of subocclusion 
of the LMT or three-vessel disease. However most of 
them are small infarctions. Currently, they represent 
more than 50% of all MIs. 

In the chronic phase, the ECGs of patients with non-Q 
wave infarction are usually normal or show mild abnor- 
malities (flat mild negative T wave, slight ST segment 
depression, etc.) (Figure 13.25) (see above). The group of 
patients who present with important subocclusion of 
LMT may even present a normal or nearly normal ECG in 
approximately 50% of the cases in the acute phase in 
absence of pain (Figure 20.18). It has been demonstrated 
that in the chronic phase (Choi et al. 2011), lateral ST 
depression at discharge is a marker of risk, as also was 
shown in the ECG at admission (Barrabes et al. 2000). In 
the study of Choi et al. (2011), lateral ST depression was 
the only variable that independently predicted one-year 
major adverse complications (MACE). 


Other types of MI without Q wave Infarction located 
in areas that do not generate a Q wave. 

— Infarction may involve the basal parts of the left ven- 
tricle (areas of late depolarization). We have to remem- 
ber that these areas depolarize after 40ms (Durrer et al. 
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Late enhancement result 


Total mass: 150.3g 

Late enhancement threshold: 103 
Mass > late enhancement threshold: 12.4g (27 %) 
Transmurality threshold: 50% 

Mass > transmurality threshold: 13.8g (30 %) 


Figure 20.37 Inferior myocardial infarction (MI). (A) The ECG shows QR in leads DIII and aR in VF and rS in V1. (B) Contrast-enhanced 
cardiovascular magnetic resonance (CE-CMR) image in a vertical long-axis (sagittal-like) view confirming inferior MI as showed by 
delayed hyperenhancement (arrows). (C-E) Contrast-enhanced short-axis images show myocardial hyperenhancement (arrows) at basal 
(old posterior wall and the ECG in V1 is rS (see Figure 13.74), mid, and apical levels of the inferior wall, indicating transmural myocardial 


infarction. (F) Quantification of myocardial necrotic mass. 


1970) (see Figure 5.19), and therefore these MIs do not 
generate a Q wave or its equivalent. In contrast, various 
changes of the mid-late part of the QRS may appear (frac- 
tioned ORS) (see Figure 13.79 and 20.32) (Das et al. 2006). 
The most frequent isolated infarctions involving the basal 
parts of the left ventricle are lateral MIs. 


An apparently normal or near-normal ECG in 
the chronic phase may be considered probably 
abnormal if the following subtle changes are present in 
the ECG: 

e evidence of amputation of the R wave in I VL and/or 
V6 (low voltage) (Figure 20.39B); 
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e development of “slurrings” or “notches” in the final 
portions of the QRS complex in different leads (some- 
times a “slurred” S wave in II, II, and VF or an r’ wave in 
V1 or rsr’ in II and V4-V6 (Figure 20.32); 

e a very striking low voltage of ORS in the frontal plane 
(Figure 20.38) with dubious “q” wave (qrs, rsr’), in the infe- 
rior leads, in the absence of COPD, emphysema, heart fail- 
ure, or other factors that may decrease the voltage of QRS; 
e the presence in V1-V2 of a peaked tall T wave and/or 
mild ST segment depression with normal QRS complex 
and lower R in V6 compared with previous ECG, suggest 
NSTEMI (Figure 20.39). 


— Right ventricular infarction (Figures 13.39 and 20.40) 
In the acute phase of STEMI of the inferior wall (ST 
segment elevation in II, II, and VF), right ventricular 
involvement may be suspected due to the presence 
of ST segment elevaton in the extreme right precordial 
leads (V3R-V4R) with a positive T wave in V4R 
(Wellens and Connover, 2006) (see Figure 13.38). In our 
experience, the isoelectric or elevated ST segment in 
V1 is also very useful for diagnosing extension of 
inferior MI to the right ventricular wall (Fiol et al. 2004) 
(Figure 13.46). 


- Atrial infarction 

Atrial infarction never occurs in isolation. In the 
acute phase, the atrial injury (infarction) is expressed in 
different leads as PR depression and/or PR elevation 
(see Chapter 9, Figures 9.30). 


— Other types of myocardial infarction without Q 
wave or its equivalent 

Other types include the following: 

e enzymatic MI, which includes many peri-procedural 
infarctions; 

e aborted infarctions (see Figures 20.3 and 20.36); 

e some MI with abnormal Q waves that disappear with 
time (see Figure 20.35); 

e some MIs with confounding factors (see Chapter 13 
and below); and 

e masked Q wave by two MIs (Figures plate 4, and 20.41). 


ECG in chronic myocardial infarctions 

in the presence of confounding factors 

(see Chapter 13) 

We will briefly mention the diagnosis of MI in the chronic 
phase in the presence of ventricular blocks, pacemakers, 
and WPW pre-excitation. We have discussed extensively 
this topic in Chapter 13. 


Right bundle branch block 

Because cardiac activation begins normally, a Q wave MI 
may be generated in the chronic phase as it is in cases 
with a normal ORS complex (Figures 13.81 and 13.83). 


Left bundle branch block 

Due to changes of ventricular activation, even if impor- 
tant zones of the left ventricle are necrotic, the overall 
direction of the depolarization vector continues to point 
from the right to the left, and the Q wave of necrosis is 
usually not recorded. However, if the necrosis is 
extensive, sometimes an evident q wave in I, VL, V5, or 
V6 and/or an r in V1 may be recorded (see Figures 
13.84-13.87). 


Hemiblocks (see Figures 13.88-13.98) 

In general, in the presence of left anterior hemiblock a Q 
wave of necrosis may be easily diagnosed. The loop- 
hemifield correlation (see Figure 13.96) explains how in 
the presence of a superoanterior hemiblock (SAH) in lead 
II, no terminal r wave is found while it is present in lead 
VR, which is the opposite of the pattern that occurs in 
isolated inferior MI. This is an example of how the ECG 
may provide the same information as the VCG, some- 
thing that was not considered possible in the past 
(Benchimol et al. 1972). 

In Chapter 13 we discussed: (i) the diagnosis of associa- 
tion; (ii) how the hemiblock may mask Q waves; (iii) how 
Q waves of infarction may mask the hemiblocks, and (iv) 
false Q wave pattern due to hemiblocks. 


Pre-excitation and pacemakers 

(Figures 13.99-13.102) 

In both these cases, it may be difficult to diagnose the 
presence of a Q wave MI. In the case of pacemakers, the 
presence of a spike-qR pattern in V5-V6 confers high 
specificity but low sensitivity as a sign of necrosis. 


ECG changes due to decreased blood 
flow not related to atherothrombosis 
(Table 20.1) 


This section will discuss the ECG characteristics found in 
some cases of myocardial ischemia due to decreased flow 
usually acute, but not related to atherothrombosis 
although sometimes may occur associated to atheroscle- 
rotic plaque. Some of these are triggers of true ACS, and 
may lead to MI. We will comment on the most frequent. 
For more information, consult Bayés de Luna and Fiol- 
Sala (2008). 


Hypercoagulability 

Hypercoagulation state may be found especially in heav- 
ing smokers or as a consequence of drug-induced states 
(e.g. contraceptive drugs); and in pregnancy in women 
with hereditary thrombophilia. In the latter case, even in 
the absence of atherothrombosis, ACS usually with ST 
elevation may occur, especially due to LAD thrombosis. 
There are no differential ECG signs. 


440 The Clinical Usefulness of Electrocardiography 


Figure 20.38 A 60-year-old patient who presented with myocardial infarction (MI) some months ago. According to the SPECT imaging 
(below) the MI affects predominantly segment 4 (inferobasal). In the frontal plane an evident Q wave cannot be seen, neither tall R in V1, 
although the low voltage of QRS in frontal plane with qrs or rSr’ pattern in inferior leads in a man without chronic obstructive pulmonary 
disease (COPD) suggests ischemic heart disease. Observe the absence of prominent R in V1, in spite of the MI is located in segment 4 (old 
posterior wall now inferobasal segment of inferior wall) (see Figure 13.76). 


Figure 20.39 (A) ECG of 62-year-old patient with multivessel chronic coronary artery disase. (B) During an NSTEMI an ST segment 
depression in V1-V2 and low-voltage R wave in V6 with flattened T wave, compared to pattern displayed in previous ECG (A), was 
observed. This patient presented with a non-Q wave MI due to obtuse marginal (OM) occlusion. 


Angina secondary to tachyarrhythmias 

An episode of paroxysmal arrhythmia crisis, especially 
atrial fibrillation, may cause long-lasting chest pain, 
which may have anginal characteristics. 

When an ECG is recorded during crisis of tachyarrhyth- 
mia, even supraventricular reciprocating tachycardia in 
young people, certain abnormalities, such as ST segment 
depression (Figure 19.6) or a negative T wave, at the end 


of an episode, may be found. These abnormalities usually 
do not represent true ischemic heart disease (Bayés de 
Luna 2011). The ST segment elevation evolving to Q wave 
MI is never found (see chapter 15). 


Coronary dissection (Figure 20.42) 
STEMI may occur suddenly especially in young women, 
usually multiparous, during the postpartum period. This 
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Figure 20.40 The occlusion of a short RCA produces a myocardial infarction (MI) of the right ventricle without any repercussion in 
the left ventricle. The ST segment elevation in V1-V3 in the acute phase can be attributed to an acute coronary syndrome (ACS) of the 
LAD, but the slight ST segment elevation in II, III, and VF suggests involvement of a short RCA. The cases of a distal LAD involvement 
(Figure 13.42) with ST segment elevation in II, II, and VF show ST segment elevation in V3-V4 > V1, contrary to the RCA involvement 
proximal to RV branches, where ST segment elevation in V1 > V3-V4. In addition, in general, in an occlusion of a distal LAD ST 
segment elevation in V1 is not so clearly seen (Reproduced with permission from AV Finn, EM Antman. 2003. Copyright Massachussets 


Medical Society.) 


is caused by a collagen abnormality that favors dissection. 
The LAD is the most frequently involved artery (Roig 
et al. 2003). 

Significant ST segment elevation, generally of the 
type found in LAD occlusion, may occur proximal to S1 
and D1, with a mirror pattern in II, III, and VF, or in the 
proximal RCA or LCX occlusion. If the coronary dissec- 
tion affects LMT, ST segment elevation ACS usually 
appears because there is no previous subendocardial 
ischemia or collateral circulation. It is important to 
emphasize that although usually the ECG of LMT 
shows huge and diffuse ST segment depression 
(NSTEMI) because it is the expression of LMT suboc- 
clusion (Figure 20.18), total occlusion of LMT may also 
occur, showing ST segment elevation (STEMI) 
(Figure 20.5). Patients with STEMI due to coronary 
dissection (LMT or proximal LAD) often present with 
cardiogenic shock and may even need heart transplan- 
tation if ventricular fibrillation has not triggered sud- 
den death (see Typical ECG patterns of STEMI: location 
of occlusion). 


Transient left ventricular apical ballooning 
(Tako-Tsubo syndrome) (Figure 20.43) 

This pattern of apical dyskinesia is transient, involving 
coronary arteries that are normal or scarcely affected. 
The increase in coronary artery tone and/or catechola- 
mine storm release rather than an authentic spasm, 
with little involvement of the vessel but probably with 
lysis of a thrombus accounts for the ACS. The ECG evo- 
lution is very characteristic: STEMI ECG pattern evolv- 
ing to Q wave, often with the disappearance of Q wave 
and the appearance of deep negative T waves of reper- 
fusion pattern (see legend Figure 20.43) (Ibáñez et al. 
2004). Although it has been reported that some ECG 
clues may differentiate Tako—-Tsubo syndrome from 
anterior MI (Kosuge et al. 2011), this is not so easy 
(Carrillo et al. 2010). 


Congenital defects (Figure 20.44) 

Coronary anomalies should be suspected when a very 
young person suffers from exertional anginal pain. The 
congenital defects causing more problems are located at 


442 The Clinical Usefulness of Electrocardiography 


Figure 20.41 ECG of a patient with two myocardial infarction 
(MI), one apical and the other inferolateral. The presence of 
QR in V1, RS in V2 and qR with wide q in II is the abnormal 
QRS change. The QR pattern of V1 is explained by double 
infarction (apical + inferolateral). However, there are not many 
leads with Q wave in spite of clinical and isotopic evidence of 
double infarction, probably due to partial cancellation of 
infarction vectors. The final R in V1 and the R in V2-V3 are 
explained because the inferolateral infarction is more important 
than the apical infarction. The nuclear study clearly shows the 
presence of double infarction of inferolateral zone and smaller 
apical area. 


the anomalous take-off of the left coronary artery, from 
the pulmonary artery. 


Coronary spasm: Prinzmetal variant angina 
(Prinzmetal et al. 1959; Maseri and Chierchia 
1980) (Stern and Bayés de Luna 2009) 
Coronary spasm more frequently occurs in patients 
with evident coronary atherosclerosis, which triggers 
the spasm. The most typical case is due to an intense 
focal spasm of an epicardial artery. Sometimes there are 
no coronary plaques or only small plaque is detected. In 
the surface ECG the ST elevation is sometimes very 
striking, which helps to locate the site of the spasm 
(Figure 20.45). During the crisis rarely transient Q wave 
appears. 


oes ese ene MAREE aI 
Hyperacute phase 1 day l 1 week 1 year 
Figure 20.42 (A) ECG of a 35-year-old multiparous woman 
with a very serious acute coronary syndrome (ACS) due to 
dissection of LAD proximal to D1 and 51. Note the morphol- 
ogy of the advanced right bundle branch block (RBBB) + 
superoanterior hemiblock (SAH) together with evident ST 
segment changes (ST elevation in precordials due to occlusion 
in LAD), with ST segment depression in H, III, and VF 
(occlusion proximal to D1), and ST segment elevation in VR 
and V1 with ST segment depression in V6 (occlusion proximal 
to S1). (B) The evolution of the ECG patterns through 

time (V1). 


In almost half of these cases the ST segment elevation 
is preceded by a tall and peaked T wave indicative 
of subendocarial ischemia (Bayés de Luna 1985) 
(Figure 20.46). 

On other occasions the repoalrizaiton changes of the 
T wave are dynamic and transient, and usually accom- 
panied by a prolongatiion of QTc without the develop- 
ment of ST elevation. When the basal T wave is negative 
a pseudo normalization of the T wave may appear, 
sometimes with negative U wave (Figure 20.27). In 
some few cases especially when the spasm is not in an 
epicardial artery, episodes of ST depression may be 
present. 

If the coronary spasm is in the RCA an AV block some- 
times may appear with sincope. 

When coronary spasm persists longer, ventricular 
arrhythmias may appear (Figure 20.47). 

Exceptionally, in the presence of ECG signs of severe 
ishcemia, such as ST segment/TQ alternans (Figure 20.48), 
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Figure 20.43 (A) Twelve-lead ECG in subacute phase in a 
patient with typical transitory apical ballooning (Tako-Tsubo 
syndrome). (B) ECG changes in V2 during the period of 3—4 days 
(a-d). Note the ECG pattern from ST elevation with Q wave to rS 
with deep negative T waves. (C) Typical angiographic image (a,b) 
and normal coronary tree (c,d). 


runs of VT may appear and may occasionally trigger VF 
and sudden death, especially in cases of extense and 
severe ischemia (alternating ST elevation in inferior and 
anterior leads). 

The cases of high risk present huge ST elevation 
of some minutes of duration. After the resolution of 
the spasm the ST elevation disappears in seconds and 
is followed by a negative T wave of reperfusion 
(Figure 20.45) that usually disappear in a short period 
of time. 

Holter monitoring is the best technique for discover- 
ing cases of Prinzmetal angina. Even very striking ST 
segment elevation may be asymptomatic (silent 
ischemia) (Bayés de Luna 1985) (Stern and Bayés de 
Luna 2010). 

The response of patients with cardiac spasm to exercise 
test is variable according the presence of associated 
coronary heart disease. Usually exercise does not trig- 
ger a coronary spasm but this may occur occasionally 
(Figure 20.50). 

Finally, although the typical coronary spasm, as has 
been described, it is not properly an ACS, the 
presence of true epicardial spasm or other forms of 
coronary vasoconstriction (constriction of small 
intramural resistence vessels) may form part of the 
pathophysiology of ACS (unstable angina) together 


with plaque rupture or erosion, thrombosis, 


Figure 20.44 (A) A 3-year-old girl with abnormal origin of left coronary artery from pulmonary artery. ECG recording previous to a surgical 
intervention shows very abnormal Q wave, especially in VL and V6. Ligature of left coronary artery was performed. (B) The same patient at 
12 years of age. The abnormal q wave has practically disappeared. Currently, all the coronary perfusion depends on the huge RCA. 
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Figure 20.45 (A) Surface ECG of a 65-year-old patient 
with typical crisis of Prinzmetal angina that presents in 
the peak of pain an ST segment elevation like a transmem- 
brane action potential (TAP). This case corresponds to a 
transitory complete proximal occlusion of the LAD above 
D1 (ST segment elevation from V1 to V6, I and VL with 

ST segment depression in inferior leads especially IN 

and VF). The lack of ST segment elevation in VR, the small 
ST segment elevation in V1 and the clear ST segment 
elevation in V6- if the placement of V6 is well done- is 
against that the occlusion is also above S1 (see Figure 
13.41). This is the first case of Prinzmetal angina seen by 
us in the early 1970s. Coronarography was not performed 
but enzymes were normal. (B) ECG after some hours of the 
crisis with a typical pattern of very negative T wave in all 
precordial leads (reperfusion pattern). (C) After one week 
the ECG was normal, even with the recovery of rS 
morphology in V1-V2. 


Figure 20.46 Crisis of coronary spasm 
(Prinzmetal angina) recorded by Holter 
EGG. (A) Control. (B) Initial pattern 

of a very tall T wave (subendocardial 
ischemia). (C) Huge pattern of ST 
segment elevation. (D-F) Resolution 
towards normal values. Total duration 
of the crisis was 2 minutes. 
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Figure 20.47 Sequence of a Prinzmetal angina crisis with the appearance of ventricular tachycardia runs at the moment of maximum ST 
segment elevation. 


| 
| 


Figure 20.48 (A) Holter recording of a patient with a severe crisis of Prinzmetal angina. Observe the presence of clear ST segment and TQ 
alternans together with some premature ventricular complexes (PVCs). (B) Patient with crises of Prinzmetal angina who presented during 
these crises with typical subepicardial injury pattern. During the resolution of pain (Holter method recording) the injury pattern 
disappeared within a few seconds. 


inflamation and platelet aggregation (Cannon 2003) atherosclerotic lesions. It is more frequently seen in 

(Cannon-Braunwald 2001). women, and probably, but not always, ischemia is the 
origin of the chest pain (Kaski, 2004). 

The resting ECG recording may be normal, or show 

X Syndrome (Figure 20.49) non-specific ST segment/T wave changes. Often, typical 

This syndrome is defined by angina-like chest pain that X syndrome presents with new ECG changes during 

is related to small-vessel disease in the absence of the exercise test, with perfusion defects (SPECT) 
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(Figure 20.49). Sometimes the chest pain occurs at rest 
and may be considered an atypical ACS (see Table 20.1). 
Rarely, ST segment elevation may occur, which is proba- 
bly explained by multiple microcirculatory spasms. The 
prognosis is generally good and, in general, does not 


evolve to MI. 


Myocardial bridging 


This is an anomaly of the course of the coronary arter- 
ies, especially the LAD, which partly penetrates the 
epicardial muscular mass. It is frequently, though not 


always, 
coronary spasm. 


accompanied by 


atherosclerosis and/or 


The clinical picture often is stable exercise angina that 
may appear without ECG changes in a patient with 
usually normal basal ECG. On other occasions the anginal 
pain appears at rest and is probably associated with 
coronary spasm related to myocardial bridging. 

Rarely, cases of ACS with or without MI (with and 
without Q wave) have been described. 


VL 


VF 


V1 


v2 


V3 


v4 


v5 


V6 


se ee 
a oF 


i f 


I 4 1 
| j | 

Se a al erm 
| | | 

Pua pag |__| 


Soe ere 


It has been exceptionally linked to sudden death, 
although in general the prognosis is good (Mohlenkamp 
et al. 2002). 


Peri-procedural myocardial infarction 


Cardiac surgery 

The Q wave infarction is diagnosed by the development of 
a new Q wave plus enzyme level increase (CPK or 
troponin level rise). Myocardial damage expressed by a 
clear enzyme level increase with no Q wave (non-Q wave 
infarction) in the post-operative setting indicates a poor 
prognosis. 


Percutaneous coronary intervention 

According to Kenigsberg et al. (2007), the sudden occlu- 
sion of a coronary artery during PCI prolongs QTc in 
100% of cases (Figure 20.13). This change is usually 
accompanied by rectified ST segment and symmetric T 
wave that is often taller than normal. Changes of T wave 
polarity (from negative to positive) and especially ST 
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Figure 20.49 (A) A 60-year-old patient with typical X syndrome and normal coronary arteries. Observe the mild diffuse ST depression/ 
flat T wave in the majority of the leads. (B) After exercise there is a clear ST depression, especially in horizontal leads. 
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segment deviatons are not frequent during short 
periods of ischemia (Figure 20.14). However, in intracoro- 
nary recordings an evident ST elevation may be reorded 
in cases of only small changes of T waves in surface ECG 
recordings (Figure 20.15). The presence of ST segment 
deviations is a marker for very bad prognosis (Quyyumi 
et al. 1986; Björklund et al. 2005). 

Peri-procedural PCI infarctions are generally small but 
represent a marker of poor prognosis. A post-PCI infarc- 
tion is believed to have occurred when at least a threefold 
increase in enzyme levels above their maximum normal 
value is found. ECG changes, especially in the ST segment, 
even sometimes with the development of an infarction 
Q wave, are rarely found. 


Others 

Other situations apart from atherothrombosis that may 
cause ACS and MI include (Braunwald et al. 1998; 
Bayés de Luna and Fiol 2008): (i) cocaine abuse 
(STEMI); (ii) carbon monoxide poisoning (may present 
with an ACS and sometimes a silent Q wave MI); (iii) 
anaphylactic crisis (ACS with Q or non-Q wave MI); 
(iv) acute anemia (clinical picture of NSTEMI); 
(v) pheochromocytoma; (vi) coronary arteritis 
(Takayasu’s disease, Kawasaki's disease), etc. (see 
Bayés de Luna and Fiol 2008). 


ECG changes due to ischemia caused 
by increased demand (see Table 20.1) 


Classic exercise angina in patients with 
ischemic heart disease 

These patients present with angina during exercise. The 
most frequent cases of ischemia caused by increased 
demand are explained by a coronary atherosclerosis due to 
a fixed stable plaque that produces impairment of suben- 
docardium perfusion at rest that is not usually so promi- 
nent as to change the basal ECG. However frequently ST 
segment depression is present during exercise. This ECG 
change is typical of significant subendocardial ischemia 
(injury) without total occlusion and occurs because the 
vasodilatory capability of the subendocardium is low and 
therefore is more vulnerable to ischemia (Braunwald et al. 
1998) (see Chapter 13). 

Exercise angina may appear with or without previous 
myocardial infarction (MI). Often in the presence of 
angina the exercise tests presents ST depression but 
there are false positive and false negative results (see 
chapter 25). The exercise test helps to stablish the most 
adequate treatment (Bayés-Fiol 2008 and general 
references p-XI). In case of doubt it is necesary to 
clarify the diagnosis with imaging techniques and/or 
coronariography. 


These changes especially appear in leads with a 
predominant R wave. The ECG changes during exercise 
angina may also be detected by Holter monitoring (see 
Figure 13.27), and they may also be reproduced during 
exercise testing (see Figure 13.26). Rarely, a peaked 
T wave (Manankil et al. 2011) (first pattern of subendo- 
cardial ischemia) or even an ST elevation appears during 
exercise which is generally due to coronary spasm 
(Figure 20.50). 


Other cases 

There are various other situations (pulmonary hyperten- 
sion, chronic anemia, tachyarrhythmias, left ventricular 
hypertrophy, coronary perfusion imbalance, carbon mon- 
oxide poisoning, etc.) in which angina may also appear 
due to increased demand and that may present with 
changes of repolarization. The most frequent changes are 
probably the appearance of ST depression and/or precor- 
dial discomfort during exercise, or if the heart rate 
increases too much in the case of atrial fibrillation. 


ECG in chronic stable ischemic 

heart disease. 

Morphological changes and arrhythmias (see ECG in 
chronic MI with narrow QRS and in presence of con- 
founding factors). 

Patients with chronic stable ischemic heart disease 
(IHD) with or without previous MI may present normal 
basal ECG or different changes of QRS (Q wave or 
equivalent, or fragmented QRS), or ST/T changes (ST 
depression or elevation and/or flat/negative T wave). 

The negative T wave that appear after Q wave MI 
(post-ischemic change) may disappear with time and it is 
a sign of good prognosis (Figure 20.35). 

The persistence of flat/negative T wave or mild ST 
depression in leads without Q wave indicate the need to 
perform an exercise test to recognize if a clear ST depres- 
sion appear. The presence of flat/mild negative T wave 
very often has a good prognosis and may persist for years 
(post-ischemic changes). 

The persistence of ST elevation far from acute MI is 
suggestive of LV aneurysm (Figure 20.32C). 

Finally, very often different types of intraventricular 
blocks appear as a consequence of IHD. These usually 
represent a marker of bad prognosis. In respect to arrhyth- 
mias (see Chapters 23 and 24), the presence of ventricular 
arrhythmias especially frequent PVCs and runs of VT, rep- 
resent a marker of risk, especially in the presence of LV 
dysfunction (consult Bayés de Luna — Fiol 2008; Bayés de 
Luna 2011). We have already discussed (see Ischemia and 
sudden death) the importance of acute and chronic IHD in 
the occurrence of sudden death. The incidence of atrial 
arrhythmias, especially atrial fibrillation, is frequent and 
also is a marker of bad prognosis. 
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Figure 20.50 Exercise test in a patient with precordial pain. Before the exercise test (A) and during it (B), ST segment is normal. At the 
end, there is an important ST segment elevation, accompanied by precordial pain (C), which was followed by advanced AV block (D). This 
corresponds to an spasm of RCA before the branch that perfuses the AV node. 


References 


Abbas A, Boura J, Brewington S, et al. Acute angiographic analy- 
sis of NSTE-acute myocardial infarction. Am J Cardiol 2004; 
24:907. 

Abu-Assi E, García-Acuña JM, Pena-Gil C, et al. Validation of the 
GRACE risk score for predicting death within 6 months of 
follow-up in a contemporary cohort of patients with acute 
coronary syndrome. Rev Esp Cardiol 2010;63:640. 

Aldrich HR, Wagner NB, Boswick J, et al. Use of initial ST-segment 
deviation for prediction of final electrocardiographic size of 
acute myocardial infarcts. Am J Cardiol 1988;61:749-53. 

Antman EM, Cohen M, Bernink PJ, et al. The TIMI risk score for 
unstable angina/non-ST elevation MI: A method for prognosti- 
cation and therapeutic decision making. JAMA 2000; 
284:835. 

Antman EM, Anbe D, Amstrong PV, et al. ACC/AHA guide- 
lines for the management of STEMI. J Am Coll Cardiol 
2004;44:21.211. 

Barrabes J, Figueras J, Moure C, Cortadellas J, Soler Soler J. 
Prognostic significanced of ST depression in lateral leads on 
admission ECG in patients with first acute myocardial infarc- 
tion. J Am Coll Cardiol 2000;35:1813. 

Bayés de Luna A. Clinical Arrhythmology. Wiley-Blackwell, 2011. 


Bayés de Luna A, Fiol M. The Electrocardiography in Ischemic Heart 
Disease: clinical and imaging correlations and prognostic implications. 
Futura-Blackwell, 2008. 

Bayés de Luna A, Carreras F, Cladellas, et al. Holter ECG study of 
the electrocardiographic phenomena in Prinzmetal angina 
attacks with emphasis on the study of ventricular arrhythmias. 
J Electrocardiol 1985; 18: 267. 

Bayés de Luna A, Coumel Ph, Leclercq JF. Ambulatory sudden car- 
diac death: mechanism of the basis of fatal arrhythmais from 157 
cases. Am Heart J 1989;117:151. 

Bayés de Luna A, Cino JM, Pujadas S, et al. Concordance of electro- 
cardiograhpic patterns and healed myocardial infarction locaton 
detected by cardiovascular magnetic resonance. AmJ Cardiol 
2006a;97:443. 

Bayés de Luna A, Wagner G, Birnbaum Y, et al. Anew terminology 
for the left ventricular walls and for the location of myocardial 
infarcts that present Q wave based on the standard of cardiac 
magnetic resonance imaging. A statement for healthcare profes- 
sionals from a committee appointed by the International Society 
for Holter and Non Invasive Electrocardiography. Circulation 
2006b;114:1755. 

Bayés de Luna A, Cino J, Goldwasser D, et al. New electrocardio- 
graphic diagnostic criteria for the pathologic R waves in 
leads V1 and V2 of anatomically lateral myocardial infarction. 
J Electrocardiol 2008;41:413. 


The ECG in Different Clinical Settings of Ischemic Heart Disease 449 


Ben-Gal T, Herz I, Solodky A, et al. Acute anterior wall myocardial 
infarction entailing ST elevation in V1: electrocardiographic and 
angiographic correlations. Clin Cardiol 1998;21:399. 

Benchimol A, Desser KB, Schumacher J. Value of the vectorcardio- 
gram for distinguishing left anterior hemiblock from inferior 
infarction with left axis deviation. Chest. 1972;61:74. 

Birnbaum Y, Atar S. Electrocardiogram risk stratification of non 
ST elevation acute coronary syndrome. J Electrocardiol 2006; 
39:558. 

Birnbaum Y, Sclarovsky S, Blum, et al. Prognostic significance of 
the initial electrocardiographic pattern in a first acute anterior 
wall myocardial infarction. Chest 1993;103:1681. 

Birnbaum Y, Zhou S, Wagner GS. New considerations of ST segment 
“elevation” and “depression” and accompanying T wave configu- 
ration in acute coronary syndromes. J Electrocardiol 2011;44:1. 

Björklund E, Stenestrand U, Lindbäck J, et al. RIKS-HIA 
Investigators. Prehospital diagnosis and start of treatment 
reduces time delay and mortality in real-life patients with 
STEMI. J Electrocardiol 2005;38:186. 

Bouwmeester S, van Hellemond I, Maynard Ch, et al. The stability 
of the ST segment estimation of myocardial area at risk between 
the prehospital and hospital electrocardiograms in patients with 
ST elevation myocardial infarction. J Electrocardiol 2011;44:363. 

Braunwald’s Heart diseases. A Textbook of Cardiovascular Medicine. 
Elsevier- Saunders Pub., 2012. 

Burke A, Farb A, Malcom GT, et al. Coronary risk factors and 
plaque morphology in men with coronary disease who die 
suddenly. N Engl J Med 1997;336:1276. 

Cannon CP. Management of Acute Coronary Syndromes. Humana 
Press, 2003. 

Cannon RP, Braunwald E. Unstable angina. In: Braunwald-Zipes- 
Libby. Heart diseases 6th Edition. Saunders, 2001. 

Carrillo A, Fiol M, Garcia-Niebla J, et al. Electrocardiographic dif- 
ferential diagnosis between Takotsubo syndrome and distal 
occlusion of LAD is not easy. J Am Coll Cardiol 2010;56:1610. 

Choi WS, Lee JH, Park SH, et al. Prognostic value of standard 
electrocardiographic parameters for predicting major adverse 
cardiac events after acute myocardial infarction. Ann Noninva- 
sive Electrocardiol 2011;16:56. 

Cino JM, Pujadas S, Carreras F., et al. Utility of contrast-enhanced 
cardiovascular magnetic resonance (CE-CMR) to assess how 
likely is an infarct to produce a typical ECG pattern. Journal of 
Cardiovascular Magnetic Resonance 2006;8:335. 

Cohen M, Scharpf SJ, Rentrop KP. Prospective analysis of electro- 
cardiographic variables as markers for extent and location of 
acute wall motion abnormalities observed during coronary angi- 
oplasty in human subjects. J Am Coll Cardiol 1987;10:17. 

Correale E, Sattista R, Ricciardiello V, et al. The negative U wave: 
apathogenetic enigma but a useful, often overlooked bedside 
diagnostic and prognostic clue in ischemic heart disease. Clin 
Cardiol 2004;27:674. 

Das MK, Khan B, Jacob S, et al. Significance of a fragmented QRS 
complex versus a Q wave in patients with coronary artery dis- 
ease. Circulation. 2006; 113:2495. 

De Vreede-Swagemakers JJ, Gorgels AP, Dubois-Arbouw WL, et al. 
Out-of-hospital cardiac arrests in the 1990s: a population based 
study in the Maastricht area on incidence, characteristics and 
survival. J Am Coll Cardiol 1997;30:1500. 

De Winter RJ, Verouden NJ, Wellens HJ, et al. Interventional 
Cardiology Group of the Academic Medical Center. A new 


ECG sign of proximal LAD occlusion. N Engl J Med. 
2008;359:2071. 

De Zwan C, Bar H, Wellens HJ. Characteristic ECG pattern indicat- 
ing a critical stenosis high in left anterior descending coronary 
artery in patients admitted because of an impending infarction. 
Am Heart J 1982;103:730. 

Dellborg, M, Topol, EJ, Swedberg, K., et al. Dynamic QRS complex 
and ST segment vectorcardiographic monitoring can identify 
vessel patency in patients with acute myocardial infarction 
treated with reperfusion therapy. Am Heart J 1991;122:943. 

Dixon W. Anatomic distribution of the culprit lesion in patients with 
NSTE-ACS undergoing PCI. J Am Coll Cardiol 2008;62:1347. 

Doevendans PA, Gorgels AP, van der Zee R, et al. Electrocardiographic 
diagnosis of reperfusion during thrombolytic therapy in acute 
myocardial infarction. Am J Cardiol 1995;75:1206. 

Dressler W, Roesler H. High T waves in the earliest stage of myo- 
cardial infarction. Am Heart J 1947;34:627. 

Durrer D, Van Dam R, Freud G, et al. Total excitation of the isolated 
human heart. Circulation 1970;41:899. 

Eagle K, Lim M, Dabbous O., et al. for the GRACE Investigators. 
A validated prediction model for allf orms of acute coronary 
syndrome. Estimating the rist of 6-month postdischarge death in 
an international registry. JAMA 2004;291:2727. 

East, T, Oran, S. The ECG in ventricular aneurysm following acute 
infarction. Br Heart J 1952;14:125. 

Elsman P, Van’t Hof AW, de Boer MJ, et al. Impact of infarct location 
on left ventricular ejection fraction after correction for enzymatic 
infarct size in acute myocardial infarction treated with primary 
coronary intervention. Am Heart J 2006;151:1239. 

Engelen DJ, Gorgels AP, Cheriex EC, et al. Value of the electrocar- 
diogram in localizing the occlusion site in the left anterior 
descending coronary artery in acute anterior myocardial infarc- 
tion. J Am Coll Cardiol 1999;34:389. 

Finn A, Antman E. Images in clinical medicine: Isolated right ven- 
tricular infarction. N Engl J Med 2003;349:17. 

Fiol M, Barcena JP, Rota JI, et al. Sustained ventricular tachycar- 
dia as a marker of inadequate myocardial perfusion during 
the acute phase of myocardial infarction. Clin Cardiol 
2002;25:328. 

Fiol M, Cygankiewicz I, Bayés Genis A, et al. The value of ECG 
algorithm based on ‘ups and downs’ of ST in assessment of a 
culprit artery in evolving inferior myocardial infarction. Am J 
Cardiol 2004;94:709. 

Fiol M, Carrillo A, Cygankiewicz I, et al. A new electrocardio- 
graphic algorithm to locate the occlusion in left anterior descend- 
ing coronary artery. Clin Cardiol 2009;32:E1-6. 

Fiol M, Carrillo A, Bayés de Luna A, et al. ST-elevation as ECG 
pattern in case of total occlusion of left main trunk: study of 9 
consecutive cases (submitted). 

Fleischmann KE, Zégre-Hemsey J, Drew BJ. The new universal defini- 
tion of myocardial infarction criteria improve electrocardiographic 
diagnosis of acute coronary syndrome. J Electrocardiol 2011; 
44(1):69. 

Fox KA, Dabbous OH, Goldberg RJ, et al. Prediction of risk of death 
and myocardial infarction in the six months after presentation 
with acute coronary syndrome: prospective multinational obser- 
vational study (GRACE). BMJ 2006;333:1091. 

From A, Best P, Lennon R, et al. Acute myocardial infarction due to 
left circumflex artery occlusion and significance of ST-segment 
elevation. Am J Cardiol 2010;106:1081. 


450 The Clinical Usefulness of Electrocardiography 


FIT (Fibrinolytic Therapy Trialists) Collaborative Group. 
Indications for fibrinolytic therapy in suspected acute myocar- 
dial infarction: collaborative overview of early mortality and 
major morbidity results from all randomised trials of more than 
1000 patients. Lancet 1994;343:311. 

Fuster V, Topol E. Atherosclerosis and Coronary Artery Disease. 
Lippincott-Raven, 1996. 

Gorgels A. Explanation of the ECG in the subendocardial ischemia 
of the anterior wall of the left ventricle. J Electrocardiol 2009; 
42:248. 

Gul E, Nikus K. An unusual presentation of left anterior descending 
artery occlusion: significance of lead aVR and T-wave direction. 
J Electrocardiol 2011;44:27. 

Hathaway WR, Peterson ED, Wagner GS, et al. Prognostic significance 
of the initial electrocardiogram in patients with acute myocardial 
infarction. GUSTO-I Investigators. Global Utilization of Streptokinase 
and t-PA for Occluded Coronary Arteries. JAMA 1998;279:387. 

Holmvang, L, Clemmensen, P, Wagner, et al. Admission standard 
electrocardiogram for early risk stratification in patients with 
unstable coronary artery disease not eligible for acute revascu- 
larization therapy: A TRIM substudy. ThRombin Inhibition in 
Myocardial Infarction. Am Heart J 1999;137:24. 

Huang HD, Tran V, Jneid H, Wilson JM, Birnbaum Y. Comparison 
of angiographic findings in patients with acute anteroseptal ver- 
sus anterior wall ST-elevation myocardial infarction. Am J 
Cardiol 2011;107:827. 

Ibáñez B, Navarro F, Farré J, et al. [Tako-tsubo syndrome associated 
with a long course of the left anterior descending coronary artery 
along the apical diaphragmatic surface of the left ventricle]. Rev 
Esp Cardiol 2004;57:209. 

Jayroe JB, Spodick DH, Nikus K, et al. Differentiating ST elevation 
myocardial infarction and nonishcemic causes of ST elevation by 
analyzing the presenting electrocardiogram. Am J Cardiol 
2009;103:301. 

Jain S, Ting H, Bell M, et al. Utility of left bundle branch block as a 
diagnostic criterion for acute myocardial infarction. Am J Cardiol 
2011;107:1111. 

Janse, M.J. Electrophysiological changes in acute myocardial 
ischemia. In Julian DG, Lie KI, Wihelmsen L (eds). What is 
Angina? Astra, 1982, p. 160. 

Jim M-H, Siu C-W, Chan AO-O, et al. Prognostic implications of 
PR-segment depression in inferior leads in acute inferior 
myocardial infarction. Clin Cardiol 2006;29:36. 

Jacobs A. Chair: ACC/ AHA Task force members. Unstable angina/ 
NSTEMI Guidelines revision. Circulation 2011:May 3. 

Kanei Y, Sharma J, Diwan R, et al. ST segment depression inVR as a 
predictor of culprit artery in inferior STE-MI. J Electrocardiol 
2010;43:132. 

Kaski JC. Pathophysiology and management of patients with chest 
pain and normal coronary arteriograms (cardiac syndrome X). 
Circulation 2004;109:568. 

Kenigsberg DN, Khanal S, Kowalski M, et al. Prolongation of the 
QTc interval is seen uniformly during early transmural ischemia. 
J Am Coll Cardiol 2007;49:1299. 

Koning R, Cribier A, Korsatz L, et al. Progressive decrease in myo- 
cardial ischemia assessed by intracoronary electrocardiogram 
during successive and prolonged coronary occlusions in angi- 
oplasty. Am Heart J 1993;125:56. 

Kosuge M, Ebina T, Hibi K, et al. An early and simple predictor of 
severe left main and/or three-vessel disease in patients with 


non-ST-segment elevation acute coronary syndrome. Am J 
Cardiol 2011;107:495. 

Larson D, Menssen K, Sharkey S, et al. False positive cardiac cath- 
eterization activation among patients with suspected STEMI. 
JAMA 2007;298:2754. 

Leibrandt PN, Bell SJ, Savona MR, et al. Validation of cardiologist’s 
decisions to inbitiate reperfusion therapy with ECG viewed on 
liquid crystal displays of cellular phones Am Heart J 
2000;140:747. 

Lie, K.I, Wellens, H.J, Downar, et al. Observations on patients with 
primary ventricular fibrillation complicating acute myocardial 
infarction. Circulation 1975;52:755. 

Liu CK, Greenspan G, Piccirillo RT. Atrial infarction of the heart. 
Circulation 1961;23:331. 

Manankil MF, Wang T, Bhat PK. Transient peaked T waves during 
exercise stress testing: an unusual manifestation of reversible 
cardiac ischemia. J Electrocardiol 2011;44:23. 

Marcus FI, Cobb LA, Edwards JE, et al. Mechanism of death and 
prevalence of myocardial ischemic symptoms in the terminal 
event after acute myocardial infarction. Am J Cardiol 
1988;61:8. 

Maseri A, Chierchia S. Coronary vasospasm in ischemic heart 
disease. Chest 1980;78:210. 

McClelland A, Owens C, Menown I, et al. Comparison of 80 lead 
body surface map to 12 lead ECG in detection of acute myocar- 
dial infarction. Am J Cardiol 2003;92:252. 

Migliore F, Zorzi A, Perazzolo Marra M, et al. Myocardial edema 
underlies dynamic T-wave inversion (Wellens’ ECG pattern) in 
patients with reversible left ventricular dysfunction. Heart 
Rhythm 2011;8:1629. 

Mills JR, Yound E, Gorlin R, et al. The natural history of ST eleva- 

tion after acute myocardial infarction. Am J Cardiol 1975;35:609. 

Mohlenkamp S, Hort, W, Ge, J, et al. Update on myocardial bridg- 

ing. Circulation 2002;106:2616. 

Morrow DA, Antman EM, Giugliano RP, et al. A simple risk index 

for rapid initial triage of patients with ST-elevation myocardial 

infarction: an InTIME II substudy. Lancet 2000;358:1571. 

Moon JC, De Arenaza DP, Elkington AG, et al. The pathologic 
basis of Q-wave and non-Q-wave myocardial infarction: a car- 
diovascular magnetic resonance study J Am Coll Cardiol 
2004;44:554. 

Nikus KC, Eskola MJ, Virtanen VK. ST-depression with negative 
T waves in leads V4-V5-A marker of severe coronary artery dis- 
ease in non-ST elevation acute coronary syndrome. A prospective 
study of anginaat rest, with troponin, clinical, electrocardiographic 
and angiographic correlation. Ann Noninvasive Electrocardiol 
2004;9:207. 

Nikus K, Pahlm O, Wagner G, et al. Electrocardiographic classifica- 


tion of acute coronary syndromes: a review by a committee 
of the International Society for Holter and Non-Invasive 
Electrocardiology. J Electrocardiol 2010;43:91. 

Nikus K, Pahlm O, Wagner G, et al. Report of the third International 
Society for Holter and Noninvasive Electrocardiology working 
group on improved electrocardiographic criteria for acute 
and chronic ischemic heart disease—Lund, Sweden: June 2010. 
J Electrocardiol 2011;44:84. 

Oliva Ps, Hammill SC, Edwards WD. Cardiac rupture, a clinically 
predictable complication of acute myocardial infarction: Report 
of 70 cases with clinicopathologic correlations. J Am Coll Cardiol 
1993;22:720. 


The ECG in Different Clinical Settings of Ischemic Heart Disease 451 


Pascale P, Schlaepfer J, Oddo M, et al. Ventricular arrhythmia in 
coronary artery disease: limits of a risk stratification strategy 
based on the ejection fraction alone and impact of infarct locali- 
zation. Europace 2009;11:1639. 

Petrina M, Goodman SG, Eagle KA. The 12-lead electrocardiogram 
as a predictive tool of mortality after acute myocardial infarc- 
tion: current status in an era of revascularization and 
reperfusion. Am Heart J 2006;152(1):11. 

Pride YB, Tung P, Mohanavelu S, et al. TIMI Study Group. 
Angiographic and clinical outcomes among patients with acute 
coronary syndromes presenting with isolated anterior 
ST-segment depression: a TRITON-TIMI 38 (Trial to Assess 
Improvement in Therapeutic Outcomes by Optimizing Platelet 
Inhibition With Prasugrel-Thrombolysis In Myocardial Infarction 
38) substudy. JACC Cardiovasc Interv 2010;3:806. 

Prinzmetal M, Kennamer R, Merliss R, et al. Angina pectoris. I. 
A variant form of angina pectoris; preliminary report. Am J Med 
1959;27:375. 

Quyyumi AA, Crake T, Rubens MB, et al. Importance of “recipro- 
cal” electrocardiographic changes during occlusion of left ante- 
rior descending artery. Studies during percutaneous transluminal 
coronary angioplasty. Lancet 1986;1:347. 

Rasouli ML, Ellestad MH. Usefulness of ST depression in ventricu- 
lar premature complexes to predict myocardial ischemia. Am J 
Cardiol 2001;87:891. 

Reddy CV, Cheriparambill K, Saul B, et al. Fragmented left sided 
QRS in absence of bundle branch block: sign of left ventricular 
aneurysm. Ann Noninvasive Electrocardiol 2006;11:132. 

Reeder GS, Gersh BJ. Modern management of acute myocardial 
infarction. Curr Probl Cardiol 2000;25:677. 

Reinig MG, Harizi R, Spodick OH. Electrocardiographic T- and 
U-wave discordance. Ann Noninvasive Electrocardiol 
2005;10:41. 

Roig S, Gómez JA, Fiol M, et al. Spontaneous coronary artery dis- 
section causing acute coronary syndrome: an early diagnosis 
implies a good prognosis. Am J Emerg Med. 2003;21:549. 

Rovai D, Di Bella G, Rossi G, et al. Q-wave prediction of myocardial 
infarct location, size and transmural extent at magnetic reso- 
nance imaging. Coron Artery Dis 2007;18:381. 

Rukshin V, Monakier D, Olshtain-Pops, et al. QT interval in patients 
with unstable angina and non-Q wave myocardial infarction. 
Noninvasive Electrocardiol 2002;7:343. 

Sagie A, Sclarovsky S, Strasberg B, et al. Acute anterior wall myo- 
cardial infarction presenting with positive T waves and without 
ST segment shift. Electrocardiographic features and angio- 
graphic correlation. Chest 1989;95:1211. 

Santoro GM, Valenti R, Buonamici P, et al. Relation between 
ST-segment changes and myocardial perfusion evaluated by 
myocardial contrast echocardiography in patients with acute 
myocardial infarction treated with direct angioplasty. Am J 
Cardiol 1998;82:932. 

Sasaki K, Yotsukura M, Sakata K, et al. Relation of ST-segment 
changes in inferior leads during anterior wall acute myocardial 
infarction to length and occlusion site of the left anterior 
descending coronary artery. Am J Cardiol 2001;87:1340. 

Sclarovsky S. Electrocardiography of acute coronary syndromes. 
MartinDunitz Ltd. London, 1995. 

Selvester RH, Wagner GS, Hindman NB. The Selvester QRS scoring 
system for estimating myocardial infarct size. The development 
and application of the system. Arch Intern Med 1985;145:1877. 


Sgarbossa EB, Pinski SL, Barbagelata A, et al. Electrocardiographic 
diagnosis of evolving acute myocardial infarction in the 
presence of left bundle branch block. GUSTO-1 (Global 
Utilization of Streptokinase and Tissue Plasminogen Activator 
for Occluded Coronary Arteries) Investigators. N Engl J Med 
1996;334:481. 

Sherif NE. The rsR’ pattern in left surface leads in ventricular 
aneurism. Br Heart J 1970;32:440. 

Skinner JS, Smeeth L, Kendall JM, et al. Chest Pain Guideline 
Development Group. NICE guidance. Chest pain of recent onset: 
assessment and diagnosis of recent onset chest pain or discom- 
fort of suspected cardiac origin. Heart 2010;96:974. 

Spaulding CM, Joly LM, Rosenberg A, et al. Immediate coronary 
angiography in survivors of out-of-hospital cardiac arrest. 
N Engl J Med 1997;336:1629. 

Stankovic I, Ilic I, Panic M, et al. The absence of the ST-segment 
elevation in acute coronary artery thrombosis: what does not 
fit, the patient or the explanation?. J Electrocardiol 2011; 
44:7. 

Stern S, Bayés de Luna A. Coronary spasm: A 2009 update. 
Circulation 2009;119:2531. 

Subirana MT, Juan-Babot JO, Puig T, et al. Specific characteristics of 
sudden death in a mediterranean Spanish population. Am J 
Cardiol 2011;107:622. 

Tamura A, Nagasi KM, Kriya Y, et al. Significance of spontaneous 
noramlization of negative T wave during healing of anterior 
myocardial infarction. Am J Cardiol 1999;84:1341. 

Tang EW, Wong CK, Herbison P. Global registry of acute coronary 
events (GRACE) hospital discharge risk score accurately pre- 
dicts long-term mortality post acute coronary syndrome. Am 
Heart J 2007;154:851. 

Tanimoto T, Imanishi T, Kitabata H, et al. Prevalence and clinical 
significance of papillary muscle infarction detected by late gad- 
olinium-enhanced magnetic resonance imaging in patients with 
ST-segment elevation myocardial infarction. Circulation 
2010;122:2281. 

Thygessen K, Alpert JS, White HD; Joint ESC/ ACCF/AHA/WHF 
Task Force for the Redefinition of Myocardial Infarction. 
Universal definition of myocardial infarction. Eur Heart J 
2007;28:2525. 

Tierala I, Nikus KC, Sclarovsky S, et al. Predicting the culprit artery 
in acute ST elevation MI: Correlation with coronary anatomy in 
the HAAMU trial. J Electrocardiol 2009;42:120. 

Tjandrawidjaja MC, Fu Y, Westerhout CM, et al., APEX-AMI 
Investigators. Resolution of ST-segment depression: A new prog- 
nostic marker in ST-segment elevation myocardial infarction. 
Eur Heart J. 2010;31:573. 

Tomai F, Crea F, Chiariello L, et al. Ischemic preconditioning in 
humans: models, mediators, and clinical relevance. Circulation. 
1999;100:559. 

Uyarel H, Cam N, Okmen E, et al. Level of Selvester QRS score is 
predictive of ST-segment resolution and 30-day outcomes in 
patients with acute myocardial infarction undergoing primary 
coronary intervention. Am Heart J 2006;151:1239. 

Van der Weg K, Bekkers SCAM, Winkens B, et al., on behalf of 
MAST. The R in V1 in non-anterior wall infarction indicates lat- 
eral rather than posterior involvement. Results from ECG/MRI 
correlations. Eur Heart J 2009;30(suppl):P2981K. 

Wellens HJ, Connover HP. The ECG in Emergency Decision-making. 
WB Saunders Co, 2006. 


452 The Clinical Usefulness of Electrocardiography 


Wellens HJ, Gorgels A, Doevendans PA. The ECG in Acute 
Myocardial Infarction and Unstable Angina. Kluwer Academic 
Publishers, 2003. 

Widimsky P, Holmes DR Jr. How to treat patients with ST-elevation 
acute myocardial infarction and multi-vessel disease? Eur Heart 
J 2011;32:396. 

Wong CK, French JK, Aylward PE, et al. Usefulness of the present- 
ing electrocardiogram in predicting successful reperfusion with 
streptokinase in acute myocardial infarction. Am J Cardiol 
1999;83:164. 

Wong CK, Gao W, Raffel OC, et al. HERO-2 Investigators. Initial Q 
waves accompanying ST-segment elevation at presentation of 
acute myocardial infarction and 30-day mortality in patients 


given streptokinase therapy: an analysis from HERO-2. Lancet 
2006;367:2061. 

Yamaji H, Iwasaki K, Kusachi S, et al. Prediction of acute left main 
coronary artery obstruction by 12 lead electrocardiography. ST 
segment elevation in lead VR with les s ST segment elevation in 
lead VI. J Am Coll Cardiol 2001;48:1348. 

Zehender, M, Utzolino, S, Furtwangler, A., et al. Time course and inter- 
relation of reperfusion-induced ST changes and ventricular arrhyth- 
mias in acute myocardial infarction. Am J Cardiol 1991;68:1138. 

Zhong-qun Z, Wei W, Jun-feng W. Does left anterior descending 
coronary artery acute occlusion proximal to the first septal per- 
forator counteract ST elevation in leads V5 and V6? J 
Electrocardiol 2009;42:52. 


Chapter 21 


Inherited Heart Diseases 


Introduction 


The inherited induced heart diseases with risk of sudden 
death discussed in this chapter are listed in Table 21.1 
(Bayés de Luna 2011). In describing each of these processes, 
we will emphasize the importance of the ECG in reaching 
a diagnosis and in determining the clinical implications. 
Molecular and genetic aspects and many aspects related to 
sudden death are not considered in depth in this book 
(Ackerman 2011). In this chapter we include the heart dis- 
eases that always are due to inherited changes. Other heart 
diseases that are occasionally inherited, such as dilated 
cardiomyopathy or Wolff-Parkinson—White (WPW) syn- 
drome, are discussed in other chapters. For more informa- 
tion consult the general references (page XII). 


Cardiomyopathies 


Hypertrophic cardiomyopathy 
(Figures 21.1-21.4) 


Concept and diagnosis 

Hypertrophic cardiomyopathy (HCM) is usually a famil- 
ial disease of genetic origin, characterized by alterations 
in proteins of the myocardial cells leading to myocardial 
fiber disarray, hypertrophy of the heart, and an increased 
incidence of sudden death. More than 500 mutations and 
nine genes have been described. The more frequent muta- 
tions include troponin T (TNNTZ) and beta myosin heavy 
chain (MYH7). 

The diagnosis is suggested by family history and ECG 
and is confirmed by echocardiography and other imaging 
techniques (Figure 21.3) (Maron et al. 2006). 

The hypertrophy may cause a dynamic obstruction of the 
left ventricle outflow tract, and on some occasions it leads to 
dilated cardiomyopathy (DC) and heart failure (HF). When 
the apex is preferentially involved in the cardiomyopathy, 
the ECG pattern shows typical features (Figure 21.2). 


ECG findings (Figures 21.1-21.4 and Table 21.2) 
Pathologic ECGs are observed in approximately 95% of 
cases, although there is no characteristic ECG alteration 
indicative of a specific mutation. 

In contrast to what is observed in the inherited long QT 
syndrome, in HCM it is not possible to predict the dif- 
ferent mutations based on the ECG changes, and vice 
versa, except for some types of predominantly apical 
HCM (Arad et al. 2005). 

However, there are some electrocardiographic pat- 
terns clearly indicative of HCM, in particular, a large 
negative and sharp T wave that is typical of apical HCM 
(Figure 21.2), as well as a narrow and deep Q wave associ- 
ated with a positive T wave, suggestive of septal hyper- 
trophy (Figure 21.1). 

In patients with HCM, especially apical HCM, RS 
morphology may be observed in V1. This may be diag- 
nosed mistakenly as right ventricular hypertrophy, but 
is in fact caused by septal hypertrophy. Thanks to the 
relationships between ECG and magnetic resonance 
imaging (MRI), it has become possible to locate the more 
hypertrophic areas with the ECG (Dumont et al. 2006). 

Patients frequently show ECG signs of left ventricular 
enlargement, which are in some cases very characteristic 
(Figure 21.2). However sometimes are impossible to dis- 
tinguish from those found in other heart diseases. In these 
cases, imaging techniques play a major role in establish- 
ing the correct diagnosis (Figure 21.3). 

The QRS voltage is usually increased with often clear cri- 
teria of LVH (Figure 21.2). However a low voltage associated 
with a higher incidence of dilated cardiomyopathy (DC) 
during follow-up may be seen. (Ikeda et al. 1999) (Figure 21.4). 

At times the ECG alterations are observed before the 
echocardiogram shows any change. Therefore, an abnor- 
mal ECG may be the only evidence suggesting the pres- 
ence of HCM in a patient’s relatives, or may oblige us to 
rule it out when it is a casual finding. 

An increased interval T wave peak/T wave end may be 
a more significant risk marker of torsades de pointes 
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Table 21.1 Inherited induced heart diseases with risk 
of sudden death 


e Cardiomyopathies (alterations 
in myocardial protein) 


— Hypertrophic cardiomyopathy 
— Arrhythmogenic right 
ventricular dysplasia/ 
cardiomyopathy 

— Spongiform cardiomyopathy 
(noncompacted) 

— Dilated cardiomyopathy 
(sometimes) 


e Specific conduction system — Lenegre syndrome 
involvement: 


e No structural involvement: Long OT syndrome 
channelopathies (isolated — Short QT syndrome 
alterations in ionic channels) — Brugada syndrome 
— Catecholaminergic ventricular 
tachycardia 
— Familial atrial fibrillation 
— Torsades de pointes 
ventricular tachycardia with 
short coupling interval 
(probably) 
— Idiopathic ventricular 
fibrillation (possible) 
— Others (possible) 


ventricular tachycardia (VT) than the QT dispersion or 
even the corrected QT (QTc) (Yamaguchi et al. 2003). 

Often patients with HCM present with arrhythmias in 
the ECG. The most frequent supraventricular arrhythmia 
is atrial fibrillation («10% of patients). The resulting loss 
of the atrial contribution to the filling of a hypertrophied 
and stiff left ventricle results in clinical deterioration. The 
presence of premature ventricular complexes (PVCs) is 
also common; they are found in more than three-quarters 
of patients wearing a Holter device. Runs of non- 
sustained VT are found in one-quarter of patients and its 
presence has prognostic implications. However, the pres- 
ence of sustained VT is infrequent. 

Very often, different types of blocks, especially intra- 
ventricular blocks (left bundle branch block, LBBB) are 
present in advanced cases. 


Clinical implications 

Most patients with HCM will likely develop left ven- 
tricular outflow obstruction (Maron et al. 2010), although 
a clear dynamic pressure gradient in the left ventricular 
outflow tract is only seen in ~30%. Some patients with 
HCM present with predominant apical involvement, 
which is more frequently observed in Japan (Suzuki 
et al. 1993). 

Often, patients with HCM present with progressive 
dyspnea, especially after 40-50 years, due to diastolic 
dysfunction. Sometimes it is related to the appearance of 
atrial fibrillation. However, only about 10-15% of HCM 


patients will develop DC. The underlying physiopatho- 
logic mechanism that explains this evolution is not known 
with certainty. However, it has been shown that at 10-year 
follow-up the incidence of heart failure is higher in 
patients with low-voltage QRS complexes (SV1 + RV6 
<35mm) (Figure 21.4). This is probably because the low 
voltage is a marker of increased fibrosis (Ikeda et al. 1999). 

The few cases with normal ECG have a better prognosis 
(McLeod et al. 2009), even though some exceptions have 
been found in patients with troponin T alterations, family 
history, and evidence of fibrosis by MRI (see below). 

The differential diagnosis with athlete’s heart 
constitutes an interesting challenge. There are clinical, 
ECG, and echocardiographic data on which we could 
base our differential diagnosis (Maron et al. 1981). If 
necessary, other techniques may be used to diminish the 
doubtful cases (gray zone in Figure 21.5) (Bayés de Luna 
et al. 2000). 

Sudden death is the most important risk in this 
patient population. The yearly mortality rate is around 
1%. Sudden death usually occurs during exercise due to a 
sustained VT leading to ventricular fibrillation (VF). This 
is the most common cause of sudden death in athletes. 
However, based on the experience of Maron et al. (2010), 
more than 30 years may elapse before another cardiac 
arrest occurs. The most useful main risk factors of sudden 
death (McKenna and Behr 2002; Maron 2003, 2010) are: 


e familial history of sudden death; 

e personal antecedents of unexplained syncope; 

e multiple-repetitive non-sustained VT in Holter recordings; 
e abnormal blood pressure response during exercise testing; 
e massive right ventricle hypertrophy 220mm, and espe- 
cially 230mm. 


The presence of two, or even one for some authors 
(Maron 2010), of the abovementioned factors, especially 
when accompanied with genetic alterations (especially 
troponin T mutations), is associated with an increased 
risk of sudden death and requires implantable cardio- 
verter defibrillator (ICD) implantation. Meanwhile, the 
absence of the abovementioned risk factors, especially 
family history of sudden death in patients older than 
50-60 years, is indicative of a better prognosis. 

In HCM, as happens in all other inherited heart dis- 
eases described in this chapter, the advantages of ICD 
implant always have to be balanced with the danger of 
complications (inappropriate shocks, infections, etc.) 
(Bayés de Luna 2011). 


Arrhythmogenic right ventricular dysplasia 
cardiomyopathy (Tables 21.3 and 21.4, 

Figures 21.6 and 21.7) 

Concept and diagnosis 

Arrhythmogenic right ventricular dysplasia cardiomy- 
opathy (ARVC) is a familial disease of genetic origin, 
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Figure 21.1 Hypertrophic cardiomyopathy (HCM). Deep “q” waves in anterolateral leads, which may be mistaken for those observed 


in ischemic heart disease. However usually are narrow and fine. 


comprising both a recessive form and a dominant form. 
In 50% of cases it is related to a mutation in the plakofi- 
lin gene. The disease is characterized by fatty infiltra- 
tion and fibrosis localized especially in the right 
ventricle, leading to electrical instability and risk of 
sudden death. Frequently left ventricle involvement 
exists as well. 

The diagnosis must be made according to the criteria of 
the Task Force for Cardiomyopathy (McKenna et al. 1994). 
Recently, revised Task Force Criteria (Marcus et al. 2010) 
have been published (Table 21.3). 


ECG findings (see Table 21.3) 
The following are the ECG signs most frequently observed 
in ARVC (Jain et al. 2009): 


e Prolonged QRS complex width in lead V1 greater 
than V6 (Fontaine et al. 2004). This is due to late right ven- 
tricular depolarization and explains that late potentials 
are in fact frequently positive (see Chapter 25) (Figure 
21.6). This is reported in 80% of the cases. 

e Atypical pattern of right bundle branch block (RBBB). 
This is generally manifest as a wide R wave of relatively low 
voltage in lead V1 (Figure 21.6). It is also due to late right 
ventricular depolarization. This is found in 35% of cases. 

e Negative T wave in precordial V1 to V3-5 leads and 
sometimes in inferior leads and usually symmetric 
(Figures 21.6 and 21.7). Sometimes with mild ST segment 
elevation. This is observed in 50% of cases. 

e Occasionally (= 10% of cases), the late depolarization of 
the upper right ventricular wall is recorded as separate 


456 The Clinical Usefulness of Electrocardiography 


Figure 21.2 Apical hypertrophic cardiomyopathy (HCM). The 
large negative T waves lead us to make a differential diagnosis 
with ischemic heart disease (IHD). 


from the end of the QRS complex, showing subtle 
notches/undulations (€ wave), especially in the right 
precordial leads and frontal plane leads (Figure 21.8). 

e Abnormal P wave is seen in more than 10% of cases. 

e It is important to remember that the ECG may be nor- 
mal in 20% of cases. 

e Frequently, ventricular arrhythmias are present. They 
originate in the right ventricle as isolated or repetitive 
PVCs (VT runs) with LBBB morphology, generally with 
left QRS axis deviation, although a right axis deviation is 
also possible (Figure 21.6 and Table 16.3). Sustained VT, 
sometimes at very high rate, is observed (Figure 21.7B), 
which may lead to VF. 


Clinical implications 

Arrhythmogenic right ventricular dysplasia cardiomyop- 
athy may lead to a sustained and generally monomorphic 
VT with LBBB morphology, eventually leading to VF and 
sudden death. 

It is important to remember that small repolarization 
changes (Figure 21.7A) are enough to suspect the condi- 
tion and that the ECG may be normal in about 20% of 
cases, and may initially mimic myocarditis (Pieroni et al. 
2009). 


Figure 21.3 Top: ECG with left ventricular 
enlargement pattern not specific of any heart 
disease. Below: Cardiovascular magnetic 
resonance (CMR) (right) showing an asymmetric 
septal hypertrophy (asterisk), which confirms 
the diagnosis (HCM). Left: CMR with normal 
left ventricle image (for comparative purposes). 
It should be pointed out that echocardiography 
allows us to reach the same diagnosis. 
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Figure 21.4 A 50-year-old patient with familial hypertrophic cardiomyopathy. (A) Note the low-voltage QRS and the diffuse repolarization 
alterations, as well as the presence of premature ventricular complexes (PVCs). Patients with hypertrophic cardiomyopathy usually exhibit a 
high voltage. It has been shown that the presence of relatively low voltages is associated with congestive heart failure (CHF) in the long-term 
follow-up. (B) In this case, after 15 years the patient suffered from advanced CHF with atrial fibrillation, resulting in a very abnormal ECG: 
advanced right bundle branch block (RBBB) with pseudonecrosis q waves and a significant right QRS deviation due to right heart failure. 


Table 21.2 ECG alterations in hypertrophic cardiomyopathy 


(Figures 21.1-21.4) 


Abnormal ECG 


Signs of left ventricular 
enlargement 


Pathological Q wave 


Repolarization alterations 


Abnormal in 95% of the cases 
Sometimes with normal or slightly 
changed echocardiogram 

Frequent. Sometimes characteristic 
repolarization alterations are observed 
(Figure 21.2) (Large negative T wave, 
frequently very symmetrical and sharp). 
The ECG is frequently not distinguished 
from other processes which involve left 
ventricular enlargement (aortic stenosis, 
hypertension) (Figure 21.3) 

QRS voltage is usually increased. If it is 
relatively low (SV1 + RV6 <35mm), the 
patient is likely to suffer from heart failure 
in the future (Figure 21.4) 

Not very frequent 

It is observed in leads where it is usually 
not seen 

Narrow and sometimes very deep. 
Generally the T wave is positive (Figure 21.1) 
Very frequent (see above), sometimes 
with large negative but sharp T waves 
(Figure 21.2) 


When active arrhythmias of right ventricular origin are pre- 
sent (PVCs occurring frequently, above all during exercise, 
and runs of VT), and symptoms, such as syncope during exer- 
cise, are observed, a cardiac magnetic resonance (CMR) should 
be performed to confirm the ARVC. This technique is very 
useful in athletes to rule out or confirm this condition, and 
also HCM or an anomalous origin of the coronary arteries. 

Frequently (>80% of cases), left ventricle involvement 
exists as well, often developing before the right ventricle is 
involved. Isolated left ventricular involvement is detected 
by the presence of a negative T wave in left lateral leads, 
PVCs of left ventricle origin and imaging signs (CMR) of 
left ventricular dysfunction, without the evidence of right 
ventricular abnormalities (ECG, CMR) (Coats et al. 2009). 

In the presence of sustained VT or frequent PVCs, abla- 
tion may be indicated, even though due to presence of 
several foci frequent recurrences have been observed 
(Dalal et al. 2007) and for that its indication is controversial. 

Implantable cardioverter defibrillator (ICD) therapy is 
considered the best treatment option, particularly in 
patients with a history of sustained VT/VE, patients with 
extensive left ventricular involvement, and those with a 
history of syncope (consult p. XI). 
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Figure 21.5 Criteria used to distinguish hypertrophic 
cardiomyopathy (HCM) from an athlete’s heart when the left 
ventricular wall thickness is within the gray zone, consistent 
with both diagnoses (adapted from Bayés de Luna et al. 2000). 
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Spongiform or non-compacted 
cardiomyopathy (Figure 21.9) 


Concept and diagnosis 

Spongiform or non-compacted cardiomyopathy is a rare 
familial cardiomyopathy of uncertain etiology, for which 
a genetic origin has been proposed (Murphy et al. 2005). 
From an anatomo-pathologic point of view, it is character- 
ized by an increase in the trabecular mass of the left ven- 
tricle (non-compacted), contrasting with a thin and 
compacted epicardial layer that may be visualized with 
imaging techniques (echocardiography and, above all, 
CMR) that confirm the diagnosis. 


ECG findings (Figure 21.9) 
Initial diagnosis is based on the following surface ECG 
features (Steffel et al. 2009): 


e intraventricular conduction disturbances (50%); 
e repolarization disorders, manifest especially as negative 
T waves in precordial leads (70%); 


Figure 21.6 Typical ECG pattern of 
a patient with arrhythmogenic right 
ventricular cardiomyopathy (ARVC). 
Note the atypical right bundle branch 
block (RBBB), premature ventricular 
complexes (PVCs) from the right 
ventricle and negative T wave in 
V1-V4. We also see how QRS duration 
is clearly longer in V1-V2 than in V6. 
The patient showed very positive 

late potentials (right). Below: typical 
echocardiographic pattern showing 
the distortion of the right ventricular 
contraction (arrow). 
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Figure 21.7 (A) Arrhythmogenic right ventricular cardiomyopathy (ARVC). Note that apart from the premature ventricular complexes 


(PVCs), the only ECG abnormality is the symmetric and negative T wave in V1—-V2, with flat T wave in V3-V4. It is important to assess 


these subtle changes when suspecting the diagnosis. (B) Very fast and not well-tolerated ventricular tachycardia (VT) in the same patient. 
It is initiated in the apex (left VT AQRS), a different site from where PVCs are generated (see the different morphology in VF). Implantable 
cardioverter defibrillator implantation was performed. 


Table 21.3  ARVC: Summary of revised task force criteria (Marcus et al. 2010) 


Global or regional . 
dysfunction and structural ° 
alterations 

| Repolarization ° 
abnormalities . 

e. 
Il Depolarization . 
abnormalities . 

e 
V Arrhythmias . 


By 2D echo, MRI or RV angiography: Regional RV akinesia, dyskinesia or aneurysm 
By MRI: LRV ejection fraction (<40%-major, 40-45% minor dysfunction) 


Major: Inverted T wave (V1—-V3) or beyond in individuals >14 years. No RBBB (Figure 21.7A) 
Minor: Inverted T wave only in V1-V2 in individuals >14 years. No RBBB 
Inverted T waves in V1-V4 individuals >14 years in presence of RBBB (Figure 21.6) 


Epsilon wave in V1-V3 (Figure 21.8) 
Localized prolongation of ORS in V1-V3 (> 110 ms) compared with V6 (>20-30 ms) 
Late potentials. In the absence ORS 2110 ms 


Non-sustained or sustained VT (LBBB morphology superior axis). Major criteria (Figure 21.7B) 
Non-sustained or sustained VT (LBBB morphology inferior axis). Minor criteria. 


>500 PVC per 24 hours. (Holter) Minor criteria 


V Family history . 


History of ARVC/D in a first-degree relative 
Premature sudden death (<35 years of age) due to suspected ARVC/D in a first-degree relative 


e ARVC/D confirmed pathologically or by current Task Force Criteria in second-degree relative 


ARVC: arrhythmogenic right ventricular dysplasia cardiomyopathy; MRI: magnetic resonance imaging; PVC: premature ventricular 
complex; RBBB: right bundle branch block; RV: right ventricle; VT: ventricular tachycardia. 
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e prolonged QT interval (50%); 
e left ventricular hypertrophy (30%); 
e normal ECG in 5% of cases. 


Occasionally, the ECG is similar to that of some cases of 
ARVC (compare Figures 21.9 and. 21.7A). As the repolari- 
zation alteration disorder (negative T wave) is usually in 


Figure 21.8 Example of delayed depolarization wave 

(e following the QRS complex with a small separation 

and, generally, low voltage (arrow). It is mainly observed in 

right precordial leads and in I, II, IMI, and VR in some cases of 
arrhythmogenic right ventricular cardiomyopathy (ARVC). It is 
sometimes mistakenly taken for a very premature concealed 
atrial extrasystole. Note that in this case a high-voltage P wave is 
observed and that a first-degree atrioventricular (AV) block exists. 


the right precordial leads and not striking, it may be 
mistaken for normal ECG variations. 


Clinical implications 
The patient may remain asymptomatic for many years, 
but this cardiomyopathy eventually evolves into dilated 
cardiomyopathy and heart failure. Sometimes embolism 
and/or ventricular arrhythmias appear in the follow-up. 
Ventricular arrhythmias may trigger sustained VT/VF 
and sudden death. 

Some cases needs ablation, ICD, or even heart 
transplantation. 


Specific conduction system 
involvement 


Lenegre syndrome 

Lenegre syndrome is a rare condition that consists of a 
progressive intraventricular conduction block without 
apparent heart disease. It appears in members of the 
same family at a relatively young age (Lenegre 1964). 

From a genetic point of view, the Lenegre syndrome 
is caused by a Na channel dysfunction (decreased Na 
inflow into the cell). Histological studies show that a 
diffuse fibrotic degeneration of the whole intraven- 
tricular SCS exists, which may lead to an atrioventric- 
ular (AV) block without involvement of the sinus 
node and the fibrous skeleton of the heart. The pres- 
ence of this evident pathologic involvement differen- 
tiates the Lenegre syndrome from channelopathies 
(see below). 

Lenegre syndrome should be distinguished from Lev 
syndrome (Lev 1964), which is found in older patients 
and is caused by a non-inherited senile degeneration of 
the SCS and the fibrous skeleton of the heart. 

Usually, pacemaker implantation becomes necessary 
during the course of both Lenegre and Lev syndromes. 


Figure 21.9 ECG of an 18 year-old patient with repetitive sustained ventricular tachycardia (VT). In sinus rhythm a clear QT prolongation 
is observed (>500ms), as well as a negative T wave up to lead V3 with a flat T wave in V4-V6. This ECG may be mistaken for a normal 
ECG variant in a healthy subject. However, the long QT interval, the negative T wave up to V3 and the flat T wave in V4—V6 raise the 
suspicion of abnormal pattern. The echocardiogram allows for the diagnosis of spongiform cardiomyopathy. 


lonic channel disorders in the absence 
of apparent structural heart disease: 
channelopathies 


Exclusive alterations of the ionic channels are observed 
in long and short QT syndrome, Brugada syndrome, 
and catecholamine-sensitive VT. They are also probably 
present in familial atrial fibrillation and other cases of 
sudden death due to other malignant ventricular arrhyth- 
mias, such as familial torsades de pointes VT and cases 
of VT that until now were considered idiopathic VF 
(Marban 2002). 

Some of the best-known channelopathies show a typi- 
cal phenotypic ECG pattern, which frequently allows for 
a correct diagnosis and even identification of the involved 
gene. There are some evidences showing that although 
initially isolated ionic alterations exist (true channelopa- 
thies), some ultrastructural changes may be present in 
the follow-up (see below) (Frustaci et al. 2009; Bayés de 
Luna 2011). 

All channelopathies may increase the risk of develop- 
ing different types of VI/VF, eventually leading to sud- 
den death. 


Long OT syndrome (Figures 21.10-21.12) 


Concept and diagnosis 

We can only speak about long QT syndrome when a 
patient with apparent good health presents with a non- 
acquired long QT interval with syncopal attacks or recov- 
ered cardiac arrest due to torsades de pointes VT often 
leading to sudden death, or a family history of this 
syndrome. 

The long QT syndrome is genetic channelopathy char- 
cterized by QTc prolongation in ECG and propensity to 
ventricular tachyarrhythmias (TdPVT, VF) leading to syn- 
copal episodes and/or SCD. In about 10-15% of cases 
QTc might remain within normal limit and in about 50% 
of cases it will be categorized as borderline (between 
440-470 ms). Table 21.5 list ECG changes observed in the 
LQTS (Moss 1985; Moss and Kan 2005). 

The ionic mechanism underlying the repolarization 
abnormalities in the LOTS varies depending on the type 
of underlying genetic mutation. There are over 12 genetic 
types of LOTS and related abnormalities of ion channels 
involve: slow and late activation of K channels (IKr, IKs), 
incomplete inactivation of Na* channels, and Ca** channels 
with a late Ca** and Na* inward current. The most common 
variants of LQTS in which there is a good genotype/ 
phenotype correlation (ECG expression) are LQT1, LOT2 
and LQT3, that account for about 70-75% of LOTS cases 
(Figure 21.10 and Table 21.5) (Zareba et al. 1998, 2003, 2008). 

A “point score” diagnostic criteria for long QT syn- 
drome has been proposed (Schwartz et al. 1993). These 
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diagnostic criteria are listed in Table 21.6 with relative 
points assigned to various ECG, clinical, and familial 
findings. The score ranges from a minimum value of 0 to 
a maximum value of 9 points. The point score is divided 
into three probability categories: <1 point = low probabil- 
ity of long QT syndrome; >1-3.0 points = intermediate 
probability; and 23.5 points = high probability. As QTc 
overcorrects at fast heart rates, additional diagnostic cau- 
tion is necessary when dealing with patients or infants 
with fast heart rates. 


ECG findings (Figures 21.10 and 21.11 

and Tables 21.5 and 21.6) 

QTc values that are considered pathologic according to 
age and gender are listed in Table 21.4. QT interval meas- 
urement should be done in leads II and V5 or V6, taking 
the mean value of the QT interval measurements in five 
RR cycles, from the earliest ORS onset until the end of the 
T wave. 

All the most important ECG alterations are found in 
Table 21.5. 

It is very important to recognize a long QT when exam- 
ining an ECG recording (Viskin et al. 2005). 

The characteristic ECG alterations of LQT1, LOT2, and 
LQT3 syndromes are listed in Table 21.5 and shown in 
Figure 21.10 (Zareba et al. 1998; Moss 2002). Sometimes 
there are some poorly defined forms (Figure 21.11). All 
repolarization alterations (QT prolongation, QT disper- 
sion T peak/T end interval, and other repolarization 
anomalies) are more striking than those observed in other 
pathologic conditions with a long QT. 

The genotype/phenotype correlations (repolarization) 
in the long QT syndromes mentioned (LQT1, LQT2, and 
LQT3) are shown in Figure 21.10. Each shows a definitely 
long QTc (the longest QTc is observed in the LQTS vari- 
ant), and in many cases the repolarization alterations 
allow for the recognition and identification of the geno- 
type. LOT1 has wide, high-voltage T waves, while LQT2 
features low voltage and frequently notched T waves, and 
LQTS late T waves. 

Fatal arrhythmia is the “torsades de pointes” VT lead- 
ing to VF and sudden death (especially in LQT2 and 
LQT3). 

Frequently the VT begins in the presence of large 
negative (but not sharp) T-U waves after a premature 
ventricular complex, followed by a long pause before the 
onset of the torsades de pointes VT (Kirchhof et al. 2009). 


Clinical implications 

Figure 21.12 shows the global risk stratification in patients 
with long QT syndrome, including the three types of risk 
(yearly low, high, and very high risk of VT/VF). It is 
based on the studies carried out by the Moss group 
(Goldberger and Moss 2008). 
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Figure 21.10 Three examples of ECG patterns in long QT syndrome clearly associated with different chromosomal alterations: LQT1, 
LQT2, and LQTS. 
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Figure 21.11 ECG pattern from a child with a family history of congenital long QT syndrome. The long QT interval (QT = 520) is clearly seen, 
and the ST-T abnormal morphology in this case allows us to reach a diagnosis of congenital long QT syndrome. This ECG pattern is not very 
consistent with any one of the three typical repolarization morphologies shown in Figure 21.10, although patterns like that may be seen in LQT3. 


Long QT syndrome 


Risk of VI/VF/SD* Management 
Very high risk Secondary prevention of SD 
14% e ICD + B Blockers 
High risk QTc > 500 ms 
3% e B Blockers 
e To be decided in each case the need of associated ICD 
Low risk QTc < 500 ms 
0.5% e B Blockers if no contraindications 


e Very effective in LOT1 
e No ICD in absence of symptoms 


*In some cases the prognosis may be different according the dysfunction that genetic 

mutations induce in ion channels (LOT1, LOT2). Figure 21.12 Risk stratification in long 
Other therapeutic options may be necessary in some cases (left stelectomy, some drugs) QT syndrome (Goldberger and Moss 

(consult Bayés de Luna 2011 and p. XII) 2008). 


Table 21.4 QTc prolongation in different age groups, based on 
the Bazett formula: values within the normal interval, borderline 
values and altered values 


Value 1-15 years old Adult (men) Adult (women) 
Normal <440ms <430ms <450ms 
Borderline 440-460 ms 430-450 ms 450-470 ms 
Altered >460ms >450ms >470ms 
(prolonged) 


Table 21.5 ECG alterations in congenital long QT syndrome 


— QT prolongation 
(see Table 21.4) 


3% of the genetic carriers may show 
a normal OT. To record sequential 
ECGs in these cases is advisible 

— QT dispersion (difference Generally it is very altered 

between the longest and the (frequently > 100 ms) 

shortest QT in the 12 leads) 

— T peak/T end interval Increased. Frequently >90ms 

— Morphological repolarization * LOT1: prolongedT wave 
alterations (Zareba et al. (chromosome 11) (KCNQ7 gene) 
1998) (Figure 21.20) 
e LQT2: low-voltage T wave and/or 
notches (chromosome 7) (HERG 
gene). The anomalous morphology 
may improve with the administration 
of potassium and spironolactone 

e LOTS: delayed T wave (chromosome 
3) (SNC5A gene). The anomalous 
morphology may improve with the 
administration of sodium channels 
blockers (i.e. mexiletine) 

e T wave alternans (Figure 18.7) 

e Large and negative T/U waves which 
precede VT and VF 

Generally sinus bradycardia. 
Sometimes due to a 2x1 block (bad 
prognosis) 

Torsades de pointes VT (Figure 16.24) 
Sudden death may occur. The 
incidence is higher in LOT1 and LOT2 
but they are more dangerous in LOT3 


— Bradyarrhythmias 


— Tachyarrhythmias 


The incidence of arrhythmias (especially torsades de 
pointes VT, see Chapter 16) that often induce syncopal 
attacks and unfortunately may trigger sudden death is 
higher in LQT1 and LQT2 types. However, arrhythmias 
observed in the LQTS type are potentially more danger- 
ous. Meanwhile, in LQT1, arrhythmias occur mainly 
as a result of physical exercise and stress (tachycardia- 
dependent arrhythmias), whereas in LQT2 and LQT3 
types they are more related to rest, sleep, or acoustic 
stimuli (pause-dependent arrhythmias) (Schwartz et al. 
2006). Competitive sports are contraindicated for patients 
with congenital long QT syndrome. 

The best therapeutic approaches are the following: 
(i) beta blockers, which are especially effective in LQT1, 
and (ii) ICD implantation, which is indicated in patients 
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Table 21.6 Long QT syndrome: diagnostic criteria (1993) 


ECG findings? Points 
QTc 
>480ms 3 
460-470ms 2 
450 ms (male) 1 
Torsades de pointes® 2 
T wave alternans 1 
Notched T wave in 3 leads 1 
Low heart rate for age? 0 
Clinical history 
Syncope? 
With stress 2 
Without stress 1 
Congenital deafness 0.5 
Family history® 
A. Family members with definite LOTS 1 
B. Unexplained sudden cardiac death below age 30 among 0.5 
immediate family members 


Score: <1 point = low probability of LOTS; 2-3 points = intermediate 
probability of LOTS; 23.5 points = high probability of LOTS. 

In the absence of medications or disorders known to affect these 
ECG features. 

’QTc calculated by Bazett's formula where QTC = OT/VRR. 

°Mutually exclusive. 

‘Resting heart rate below the 2nd percentile for age. 

The same family member cannot be counted in A and B. 


at very high risk and in some high-risk patients (see text) 
(Figure 21.12). 


Short OT syndrome (Figure 21.13) 


Concept and diagnosis 

A few years ago, two families showing a QT interval 
of <300ms regardless of the heart rate with no apparent 
cause (i.e. electrolyte imbalance) were described (Gaita 
et al. 2003). As a result of the different degrees of shorten- 
ing between the duration of subepicardial/midsubendo- 
cardial TAP, a voltage gradient is generated. This may 
trigger the occurrence of VT/VF through a reentrant 
mechanism in TAP phase 2 (see Figure 14.15). 

This is a very infrequent, newly identified inherited 
disease in which mutations in various genes have been 
described, including: HERG (short QT syndrome 1), 
KCNQI1 (short QT syndrome 2), and KCNJ2 (short QT 
syndrome 3). 

Recently a score for diagnosis of short QT syndrome 
has been published (Gollob et al. 2011) (see Table 21.7). 


ECG findings (Figure 21.13 and Table 21.7) 
The short QT syndrome should be considered when the 
QT interval is between 320 and 350ms without an 
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Figure 21.13 (A) Short QT syndrome. A typical ECG pattern with QT <300ms and high, sharp T waves. (B) Symptomatic short QT 
pattern (1), asymptomatic (2), and normal QT (control) (3) (see text) (Adapted with permission from Anttonen et al. 2009). 


apparent cause. The diagnosis is certain when a QT inter- 
val below 300 ms is confirmed. 

A very tall and sharp T wave is recorded in virtually all 
cases of symptomatic short QT. The tall T wave presents 
especially in right precordial leads, almost equally in 
ascending and descending limbs (almost symmetrical 
T wave), with a J point-T peak distance <120ms. This 
allows it to be differentiated from other asymptomatic 
short QT cases that show a J point-T peak interval >150 ms 
and healthy people (>200ms) (Figure 21.13B) (Anttonen 
et al. 2009; Gollob et al. 2011). 


Clinical implications 
Sudden death triggered by VT/VF due to a reentry phase 
2 mechanism, is the most severe complication of short QT 
syndrome. 

ICD implantation is the treatment of choice for high- 
risk cases (family history of sudden death and/or serious 
syncope). 


Brugada syndrome (Figures 21.14-21.18) 
Concept and diagnosis 

The Brugada syndrome is a familial, genetically deter- 
mined syndrome, characterized by an autosomal domi- 


nant inheritance and variable penetrance. More than 70 
mutations usually related to Nat channels have been 
described. In around 20% of cases there are SCN5A 
mutations that explain the accelerated inactivation of 
Na channels. 

The incidence rate is higher in young men without 
apparent structural heart disease (see below). Syncope or 
sudden death is usually triggered during rest or sleep, 
sometimes without any isolated, previous PVCs. Most 
often polymorphous VTs trigger VF because of a reentrant 
mechanism due to a voltage gradient between the 
different TAP length of layers of the right ventricle (see 
Figure 14.15) (Brugada and Brugada 1992). 

There are currently two pathophysiologic hypotheses 
used to explain the ECG changes in the Brugada syn- 
drome (Meregalli et al. 2009): (i) the repolarization 
hypothesis, involving the presence of voltage gradient 
due to transmural or transregional dispersion of TAP of 
different layers of right ventricle in the beginning of 
repolarization, consequent on loss of Na current and to 
dominant transient K current (I) (see Figure 14.14), and 
(ii) the depolarization hypothesis, involving a right ven- 
tricular conduction delay at the end of depolarization 
combined probably with subtle structural right ventricle 


Table 21.7 Short QT syndrome: diagnostic criteria 


ECG findings? Points 
QTc 

<370 ms 

<350 ms 

<330 ms 
J point-T peak interval? < 120 ms 


ed A os 


Clinical history° 

History of sudden cardiac arrest 
Documented polymorphic VT or VF 
Unexplained syncope 

Atrial fibrillation 


|= 32 NN 


Family history** 

First- or second-degree relative with high-probability 2 
STQS 

First- or second-degree relative with autopsy-negative 1 
sudden cardiac death 

Sudden infant death syndrome 1 


Genotype® 

Genotype positive 2 
Mutation of undetermined significance in a culprit gene 
High-probability SOTS: 24 points, intermediate-probability 
SQTS: 3 points, low-probability SOTS: <2 points. 


= 


aMust be recorded in the absence of modifiers known to shorten the QT. 
>Must be measured in the precordial lead with the greatest amplitude 
T wave. 

‘Events must occur in the absence of an identifiable etiology, including 
structrural heart disease. Points can only be received for 1 of cardiac 
arrest, documented polymorphic VT, or unexplained syncope. 

Points can only be received once in this section. 

eA minimum of 1 point must be obtained in the ECG section in order 
to obtain additional points. 

VF: ventricular fibrillation; VT; ventricular tachycardia. 


anomalies. Recently has been postulated the theory 
(Elizari et al. 2007) that both mechanisms may be 
explained by right ventricular outflow tract anomalies 
due to abnormal neural crest development. 

The diagnosis is suggested by the clinical history in a 
patient with specific ECG patterns. Table 21.8 shows the 
diagnostic criteria of the Brugada syndrome. Brugada ECG 
pattern (BP) is a crucial part but not all for the diagnosis. 


ECG findings (Table 21.9 and Figures 21.14-21.16) 
Currently the most used ECG criteria are the ones pro- 
posed by the consensus documents that, under the aus- 
pices of the ESC, were published (Wilde 2002, Antzelevitch 
2005). However, due to the small differences in morphol- 
ogy and the lack of prognostic implications between 
types 2 and 3, seems that is not necessary to maintain this 
classification and that is appropriate to join old 2 and 3 
types in only one, named type 2 (Figure 21.14B). The best 
criteria to diagnose types 1 and 2 BP are shown in Tables 
21.9 and 21.10. 

Tables 21.9 and 21.10 shows the ECG criteria, especially 
the characteristics of ST-T in precordial leads in both 
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Table 21.8 Diagnostic criteria of the Brugada syndrome 


1. Concave type | ST elevation in V1-V3 (Figure 21.14A) (usually 

in V1-V2) with no other cause accounting for the ST morphology. 

Remember that the ECG may be transient and more visible 

in high precordial leads. The ECG pattern is indicative of the 

syndrome if associated with one of the following ECG/clinical 

factors: 

e Survivors of cardiac arrest 

e Pliomorphic VF 

e Familial history of SD in patients <45 years old 

e Type | ST pattern in relatives 

e Inducible malignant ventricular arrhythmias 

e History of syncope 
2. Non-concave type 2 ST elevation in V1-V2-V3 (Figure 21.14B), 
urning into type 1 after administering sodium channel blockers. 
The scenario is identical to the previous case 
3. If there is an ST elevation 22 mm after drug administration but it 
is non-concave, the diagnosis is probable if any or more of the 
clinical criteria mentioned are present 
4. If the morphology is unclear (either the baseline morphology or 
he morphology observed after drug administration), the diagnosis 
may be confirmed, apart from the ECG/clinical criteria put forward 
in the first paragraph, by the presence of the following parameters 
among others: 
e Other ECG criteria and findings (Table 21.9). 
e Other ECG methods (Exercise test, Holter, late potentials, VCG, 
EPS) (see Bayés de Luna 2011 and recommended reading, p. XI) 
e Genetic test (Ackerman 2011) 


types, as well as the mismatch in the duration of QRS in 
V1-V6 and the new ECG criteria recently reported 
(Corrado 2011, Chevalier 2011, Serra 2012) that are 
explained in these tables. Also other ECG findings are 
mentioned. 

The ECG pattern is sometimes intermittent (Figure 
21.16), although on other occasions it may be obser- 
ved only in certain situations, such as fever, intoxica- 
tion, vagal stimulation, and electrolyte imbalance 
(Antzelevitch and Brugada 2002; Samani et al. 2009). In 
contrast, there are some drugs that may produce a simi- 
lar ECG morphology for no apparent reason (Yap et al. 
2009). For more details consult www.brugadadrugs.org 
(Postema et al. 2009). 

Furthermore, in some cases the ECG pattern is only 
evident or more evident in the upper precordial V1I-V3 
leads. The fact that an ECG pseudonormalization is 
observed when the electrodes are located in the correct 
position does not constitute any guarantee of diagnosis, 
especially if the ST elevation persists, albeit less markedly 
(Figure 21.15). For this reason, it is very important to 
put the electrodes in the same place when serial recordings 
are performed in order to allow comparative assessments. 

Recently, in a Japanese population a computerized 
diagnostic criteria for Brugada syndrome that has a rea- 
sonable accuracy has been published (type 1 = 90%, type 2 
= 70-80%) (Nishizaki et al. 2010). This study was based on 
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Figure 21.14 (A) Typical example of type 1 Brugada pattern. Note the morphology in V1-V2, with a concave ST downsloping elevation 
with respect to the isoelectric baseline, with no clear evidence of R’. (B) Typical example of type 2 Brugada pattern. See especially in V2 the 
wide r’, the ST elevated and the positive T wave (see Tables 21.9 and 21.10). 


Table 21.9 ECG alterations in the Brugada syndrome 


A. ECG criteria 

1. Changes in precordial leads 
1- Morphology of QRS-T in V1-V3: ST elevation (sometimes only 
in V1 and exceptionally also in V3 (Brugada electrocardiographic 
pattern — BP-) 
— Type 1 Coved pattern (Figure 21.14A): initial ST elevation 
22 mm, slowly descending and concave (sometimes rectilinear) 
respect to the isoelectric baseline, with negative symmetric T wave. 
— Type 2 saddleback pattern (Figure 21.14B): ST elevation, 
convex respect to the isoelectric baseline, with positive T wave 
in V2. The elevation, that usually is >1 mm, is preceded by an r’ 
wave, generally wide compared with the r’ wave in athletes or 
pectus excavatum (see Figure 21.17). 
2- Duration of ORS: 
— Mismatch between the end of ORS pattern in V1-V2 (longer) 
and V6 (see text and Figure 21.17) 
3- New ECG criteria (Figure 21.17) 
— The ST is downsloping: The index: height of ST in V1-V2 at 
high take-off/at 80 ms. later >1 (in other cases is upsloping and 
the index is <1). The end of ORS (J point) usually is later (Bayés de 
Luna 2011) than the high take-off of QRS-ST (according to Corrado 
coincides with J point — Corrado 2010-) but the index is still valid 
(Figure 21.17 and Table 21.10) 
— The B angle formed by ascending S and descending r’ is 
>58° in type 2 BP (in athletes is much lower) (Chevalier 2011) 
(SE 79% SP 83%). 
— The duration of base of triangle of r’ at 5mm from the high 
take-off is much longer in BP type 2 than in athletes (usually 
>3.5 mm - SE:79.3% SP:84%)(Serra et al. 2012) (Table 21.10) 


B. Other ECG findings: 

1. QT generally normal. May be prolonged in right precordial leads 
(Pitzalis et al. 2003). 

2. Conduction disorders: Sometimes prolonged PR interval (long HV 
interval) or delayed RV conduction (VCG) (Pérez-Riera 2009). 

3. Supraventricular arrhythmias. Especially atrial fibrillation (Schimpf 
et al. 2008, Pappone et al. 2009). 

4. Some other ECG findings may be seen: Early repolarization pattern 
in inferior leads (Sarkozy et al. 2005), fractioned ORS (Morita et al. 
2007), alternans of T wave after ajmaline injection (Tada et a/. 2008), etc. 


the comparison with RBBB in apparently healthy people 
but not with athletes and people with pectus excavatum 
(see Figure 7.17). 


Differential diagnosis 
Table 21.11 shows some of more frequent conditions 
that present a BP like in right precordial leads. 
Sometimes the differential diagnosis of the cause of ST 
elevation for ECG alone may be difficult even for experts 
cardiologists. In asymptomatic patients we have to per- 
form the differential diagnosis especially with: Athletes 
(Figures 7.16 and 21.17), pectus excavatum (Figure 7.16), 
early repolarization (Chapter 24) and ARVD (see before). 
In some doubtful cases, to determine the correct 
diagnosis, we may check if there are changes after the 
intravenous administration of Na channel blockers 
(ajmaline) (Figure 21.16). The assessment of the data 
shown in Table 21.8 is crucial in reaching a diagnosis of 
Brugada’s syndrome. 


Clinical implications 
As with other inherited diseases, the most important 
factor is to evaluate the risk of sudden death and then 
to proceed to take a decision about ICD implantation. To 
do that it is important to correlate the presence of family 
history, genetic studies, previous syncope, or cardiac 
arrest with the presence of spontaneous or provoked 
type I pattern. Also that prognosis is worst in men and 
in a window of age (15-60 y). With all that we must be 
aware of the approximate incidence of the yearly risk of 
sudden death and then we will be able to take the best 
decision for ICD implant. 

The role of EPS to take this decision is under debate. 
Although in the series of Brugada’s negative EPS 
support no implantation, there is not a general 


Table 21.10 ECG patterns of brugada syndrome in V1-V2 


Type 1 
Coved pattern 
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Type 2 
Saddle back pattern 


High take-off 40ms 


80 ms 


This typical coved pattern present in V1-V2 the following: 


a) At the end of ORS an ascending and quick slope with a high 
take-off >0.2 mv followed by concave or rectilinear downsloping ST 
b) There is no clear r’ wave 

c) The high take-off often does not correspond with the J point 

d) At 40 ms of high take-off the decrease in amplitude of ST is <0.4mv 
(Nishizaki 2010). In RBBB and athletes the decrease is much higher 

e) ST at high take-off > ST at 40ms>ST at 80ms 

f) ST is followed by negative and symmetric T wave 

g) the duration of ORS is longer than in RBBB and there is usually a 
mismatch between V1 and V6 

h) The index of Corrado >1. In athletes is <1 (fig 21.17 and table 21.9) 
i) There are few cases of coved pattern with a high take off <2 mm 
>1mm that needs, for clear identification of type 1 BP of 
complementary exams (Table 21.9) 
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Figure 21.15 A patient with syncope episodes and an 
atypical ECG that present clearly more typical pattern of 
BP type 2 in second ICS than in the 4th ICS (see text and 
Table 21.2). 


agreement about that (Benito et al. 2008, Anderson et al. 
2012, Priori et al. 2012). 
In any case a risk score would be useful in doubtful 
cases. 
Figure 21.18 summarizes the most important prognos- 
tic and therapeutic implications of the Brugada syndrome 
(Bayés de Luna 2011). 


Base at 5mm 
from high take-off 


~ 
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This typical saddle-back pattern present in V1-V2 the following: 


a) High take-off of r' (that not necessary coincides with J point) >2 mm 
b) Descending arm of r' coincides with beginning of ST (sometimes is not 
well seen) 

c) Minimum ST ascent 20.05 mv 

d) ST is followed by positive T wave in V2 (T peak > ST minimum >0) and 
of variable morphology in V1 

e) The characteristics of triangle formed by r’ allow to define different 
criteria useful for diagnosis 

e@ B angle >58° (Chevallier 2011) 

e duration of the base of triangle of r' at 5mm from the high take-off 
>3.5mm (Serra 2012) 

f) The duration of ORS is longer in BP2 than in other cases with r’ in V1 
and there is a mismatch between V1 and V6 (see text) 

g) The index of Corrado in V1-V2 >1. In non BP patients is <1 

(Figure 21.17) 


Table 21.11 Most frequent conditions that can lead to 
Brugada-like pattern in right precordial leads (Bayés de Luna 
2012) (see Figures 7.16 and 21.17) 


) Right or left bundle branch block 
) Left ventricular hypertrophy 
c) Acute ischemia 
) Pericarditis 

) Myocarditis 
f) Pulmonary embolism 
g) Hyperkalemia or hypercalcemia 
h) Administration of certain drugs 

ARVC (including the Naxos syndrome) 

Early repolarization 
k) Athletes 
I) Pectus excavatum 
m) Artifacts (incorrect H2 filter) 
n) Miscelaneous: including a long number of different processes or 
situations (Consult 222.brugada.org). 


Catecholaminergic polymorphic 
ventricular tachycardia 


Concept and diagnosis (Priori et al. 2002) 
Catecholaminergic polymorphic VT (CPVT) is a familial 
catecholaminergic autosomal dominant polymorphic VT. 


Figure 21.16 (A) 12-lead ECG in a patient with 
the Brugada syndrome who lost consciousness 
some days before. A few days later, the ECG 
was normal (B), but it showed the characteristic 
features of Brugada syndrome after ajmaline 
administration (C). 
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Coved type Saddle back Pectus Athletes Incomplete 
type exacavatum RBBB 
Figure 21.17 The figure shows clearly the difference in the morphology of r’ in V1 between athletes and BP type 2 and the difference in 


duration of QRS in V1 and mild left precordial leads that only is present in BP (see text). The second line, to measure the Corrado index in 
V1 or V2, is 80ms later (see Table 21.9) than the end of QRS in V3. 


Brugada syndrome 


= orll 
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arrest syncope pattern | type | pattern 
Annual risk aie) Type | =4% From 6 A 
of VT/VF 10-15% Type Ill = 2% <1to7% un Close to 0% 
Risk score Figure 21.18 Decision tree algorithm 
for management of patients with the 
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pis i c EPS supports no no nee close clinical will benefit if score existed to determine 
EA icD ICD implantation a a an monitoring candidacy for implantable cardioverter 
y according to defibrillator implantation (consult 
Brugada (see text} Bayés de Luna 2011). 


Genetic mutations in both the ryanodine cardiac recep- 
tor genes and the calsequestrin q2 gene have been 
described. 

It has been shown that there are various mechanisms 
involved (triggered activity and rotors) in the genesis of 
sequential arrhythmias that appear with exercise and this 
confirms the diagnosis. 

In general, an exercise or emotion-induced syncope 
constitutes the first clinical manifestation of the disease. 
Nevertheless, some cases of sudden death with no previ- 
ous symptoms have been described. 


ECG findings (Figure 21.19) 

In general, after physical exercise or mental stress 
(Leenhardt et al. 1995), rapid supraventricular arrhythmias 
occur, followed by frequent PVCs, leading to runs of bidi- 
rectional VT that may be followed by polymorphic VT, VF, 
and sudden death, all despite a normal baseline ECG 
(Figure 21.19). 

When CPVT is suspected, it is important to perform a 
Holter ECG to verify whether PVCs with bidirectional 
morphology are present. This information is enough to 
suspect the condition. It has recently been suggested that 
bradyarrhythmias may also be present. 


Clinical implications 

Because of the risk of sudden unexpected death, the 
prognosis is serious. Therefore, immediate treatment is 
required. 

Beta blockers should be administered. However, in 
about 40% of cases beta blockers do not succeed in 
preventing recurrences during exercise testing. In these 
patients, as well as in patients with previous syncope 
and/or family history of syncope or sudden death, the 
implantation of an ICD is indicated. 


Familial torsades de pointes ventricular 
tachycardia (Figure 21.20) 
Arare form of familial torsades de pointes VT with a typi- 
cal QRS complex morphology (see Chapter 16), without a 
long QT interval, and with a short coupling interval has 
been described (Figure 21.20) (Leenhardt et al. 1994). It has 
been reported in young people without heart disease and 
often leads to sudden death. 

Because of the high incidence of fatal arrhythmias (tor- 
sades de pointes VT leading to VF), ICD implantation is 
indicated if the diagnosis is confirmed. 


Atrial fibrillation 

In the past few years a genetic predisposition to atrial 
fibrillation has been proven. In fact, it is well known that 
familial atrial fibrillation is usually a monogenic disease. 
First the locus was reported (Brugada et al. 1997) and later 
various genes involved identified (Chen et al. 2003). 
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Figure 21.19 Continuous tracing during an exercise stress test 

of a patient with runs of catecholaminergic multiform ventricular 
tachycardia (VT). The sinus tachycardia is accompanied by bigeminal 
premature ventricular complexes (PVCs) along supraventricular 
tachyarrhythmia with runs of multiform PVCs, which lead to a run 
of bidirectional VT (sixth strip). Arrhythmias disappear shortly after 
discontinuing exercise in the last two strips (Reproduced with 
permission from Leenhardt et al. 1994) (see Figure 16.28). 
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Figure 21.20 ECG (V1-V3) of a patient with runs of ventricular 
tachycardia (VT) with typical torsades de pointes morphology, 
although with a normal QT and a short coupling interval (270 ms). 
After one run of torsades de pointes VT, a second premature 
ventricular complex (PVC) is observed, but this time the coupling 
interval is not so short, not leading to another run of torsades de 
pointes VT (Reproduced with permission from Leenhardt et al. 1994). 


Familial atrial fibrillation appears in young people. 
Initially it occurs as runs of tachycarrhythmia or frequent 
atrial extrasystoles with very short coupling interval. The 
presence of short QT syndrome should be ruled out in 
young patients with familial atrial fibrillation. 


Other possible inherited heart diseases 

It is possible that in the future new genetic disorders with 
a characteristic phenotypic ECG pattern will be discov- 
ered. These patterns may include: 


e some types of pre-excitation already genetically deter- 
mined (Doevendans and Wellens 2001; Gollob et al. 2001) 
(see Chapter 12); 

e some ECG patterns of early repolarization (see Chapter 
24, Early repolarization pattern). 
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Finally, some other possible patterns include: (i) the 
presence of high and narrow QRS complexes (Wolpert 
et al. 2008) (see Chapter 24); (ii) cases of familial severe 
sinus bradycardia (Nof et al. 2007) (see Chapter 24), (iii) 
some cases of children presenting with intraventricular 
conduction blocks and VT (Iturralde-Torres et al. 2008), 
and (iv) cases of idiopathic VF in the presence of 
bradycardia-dependent intraventricular blocks (Aizawa 
et al. 1993). 
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Chapter 22 


The ECG in Other Heart Diseases 


This chapter deals with the most important 
electrocardiographic abnormalities present in heart dis- 
eases other than ischemic heart disease (see Chapter 20) 
and inherited heart diseases (see Chapter 21). 


Valvular heart diseases 


Currently, the incidence of valvular heart diseases of rheu- 
matic origin in developed countries is very rare and usu- 
ally only found in immigrant populations. However, many 
cases of adults with rheumatic valvular heart disease 
acquired several decades ago still exist. Now the most fre- 
quent causes of valvular heart diseases are mitral regurgi- 
tation due to prolapse of mitral valve and to ischemic 
cardiomyopathy, degenerative calcified aortic stenosis that 
is very frequent in elderly people, and aortic valve disease 
secondary to bicuspid aortic valve. The presence of left or 
right ventricular enlargement usually indicates that the 
disease is severe. The most frequent ECG findings and 
their clinical significance are explained below. 


Mitral valve disease: ECG changes 

Mitral stenosis typically presents with a P wave + in V1 
and a wide and biphasic P wave in other leads, especially 
I and II, as an expression of left atrial enlargement (P mit- 
rale) (see Figure 9.31). 

Throughout the natural evolution of mitral stenosis, 
atrial fibrillation is very common; the more abnormal the 
P wave, the more likely the appearance of arrhythmia. In 
this sense, the presence of a P wave of 20.12 and + in II, 
Ill, and VF is a very specific marker of paroxysmal 
supraventricular arrhythmias (Bayés de Luna 1998). In 
our experience, nearly every patient with valvular heart 
disease who presents this kind of interatrial block has 
shown paroxysmal arrhythmia, especially atypical flutter, 
within the first year (see Chapter 9; Figure 9.22). 

In patients with mitral stenosis, on the other hand, the 
presence of ECG signs of right ventricular enlargement 


(evident R wave 23mm in V1) suggest pulmonary 
hypertension (see Figure 10.4) and if the ratio QRS volt- 
age in V2/QRS voltage in V1 is above 5, it suggests right 
atrial and ventricular enlargement (see Figure 9.7). ECG 
signs of left ventricular enlargement suggest the possibil- 
ity of other associated lesions (mitral regurgitation and/ 
or associated aortic valve disease). 

Non-severe mitral regurgitation, alone or associated 
with mitral stenosis, may alter the ECG slightly. When 
significant regurgitation is found, however, ECG signs of 
left ventricular enlargement associated with an abnormal 
P wave are observed. 

In mitral valve prolapse, repolarization abnormalities 
in II, IL, VE, and left precordial leads and atrial arrhyth- 
mias, especially frequent premature atrial complexes and 
atrial fibrillation, in addition to ventricular arrhythmias 
are common (Figure 22.1), especially when mitral prolapse 
is severe, in which case the ECG is rarely normal. 

Tricuspid regurgitation secondary to mitral tight 
stenosis with pulmonary hypertension usually shows 
evident signs of right chamber enlargement in the ECG 
(see Figures 10.34 and 10.35). 


Aortic valve disease: ECG changes 
Isolated aortic valve disease, unless at a very advanced 
stage, is not typically accompanied by significant signs of 
left atrial enlargement or atrial fibrillation. Therefore, if 
these ECG signs are present in non-advanced cases, asso- 
ciated mitral valve disease must be suspected. 

In the early stages of left ventricular enlargement there is 
a pattern of qR morphology with positive T wave in left 
lateral leads, which is more evident in aortic regurgitation 
then in aortic stenosis (a deeper “q” wave and a taller 
T wave). This pattern used to be considered (Cabrera 1952) 
a result of diastolic hemodynamic overload (see 
Chapter 10), but we now know that in advanced cases both 
aortic stenosis and aortic regurgitation generally show a 
similar morphology, known as “strain pattern” (see 
Figure 10.21) (somewhat depressed ST segment followed 
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by a negative and asymmetric T wave). Although the ST 
segment/T wave pattern is similar in both cases, in aortic 
regurgitation the R wave is often still preceded by a usu- 
ally small Q wave, which tends to reduce over time, 
whereas in aortic stenosis, QRS complex morphology 
tends to be a pure R wave (see Figure 10.21). Sometimes a 
mixed pattern occurs (T wave more negative than usual 
and/or more symmetrical, or a more marked decrease of 
ST segment due to an added primary factor, such as asso- 
ciated ischemia or myocardial compromise) (effect of 
some drugs) (see Chapter 10; Figure 10.28). 

The so-called pattern of diastolic overload is observed 
in the early stages of any type of ventricular enlargement 
due to aortic valve disease, not in the ventricular enlarge- 
ment of aortic regurgitation only. The “strain pattern,” 
named by Cabrera in 1956, the pattern of systolic overload 


Figure 22.1 Bottom: A patient with mitral 

valve prolapse. Top: In the Holter recording, 

a depression of the ST segment is seen at rest (A). 
It increases with exercise (B). 


is observed in more advanced stages of aortic valve dis- 
ease, regardless of the predominance of stenosis or regur- 
gitation. On the other hand, it has been proven that the 
presence or absence of a “q” wave in V5-V6 is more directly 
related to the degree of septal fibrosis (more fibrosis, less 
“q” wave) than the type of lesion (Bayés de Luna, Serra- 
Genis 1983) (see Chapter 10; Figures 10.22 and 10.23). 

The presence of evident signs of left ventricular enlarge- 
ment with a “strain” pattern indicates a severe and long- 
lasting aortic valve disease, and is often correlated with 
the presence of symptoms and is a marker of bad progno- 
sis. Surgery is recommended by clinical point of view in 
the presence of LV failure, syncope or angina. However, it 
is not uncommon for patients with severe aortic stenosis 
in an advanced stage and significant left ventricular 


enlargement to show discrete ECG abnormalities. This is 


not usually the case for patients with advanced aortic 
regurgitation. 

Cases with advanced aortic valvular disease present 
with more ventricular arrhythmias and more cases of 
intraventricular blocks and atrioventricular (AV) block 
(calcification of the aortic valve) than cases with advanced 
mitral valve disease, but the latter more frequently 
presents with atrial fibrillation. 

The appearence of LBBB after catheter aortic valve 
implantation is a sign of bad outcome (see Chapter 11: 
LBBB. Clinical implications). 


Myocarditis and Cardiomyopathies 


There are three major functional types of cardiomyopa- 
thies: dilated, hypertrophic, and restrictive. Hypertrophic 
cardiomyopathy (HCM) is usually inherited. Cardiomy- 
opathies of inherited origin are explained in Chapter 21. 


Myocarditis 


Concept and evolution 
Acute inflammatory myocarditis is caused by diverse 
infectious agents (most commonly viruses) or agents of 
unknown origin. This section is focused on ECG abnor- 
malities seen in the acute stage of idiopathic or viral 
myocarditis. 

Acute myocarditis may be severe, with signs of heart 
failure or even lethal evolution in a very short time, and 
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may lead to dilated cardiomyopathy. However, evolution 
is good in many cases and a restitutio ad integrum is often 
observed. It many be remembered that this state may 
appear in isolation or as part of a generalized viral dis- 
ease. In fact, many viral diseases, from the flu to hepatitis, 
show transient ECG abnormalities in 5-20% of cases. 


ECG changes during the evolution 

and differential diagnosis 

In the acute stage, sinus tachycardia, low-voltage, and vari- 
ous supraventricular arrhythmias, such as atrial fibrillation 
that may be transient, and ventricular arrhythmias, espe- 
cially ventricular premature complexes, are common. 
Advanced AV block is generally transient. Especially cases 
with progression to dilated cardiomyopathy, may present 
an intraventricular conduction block. Often the evolution is 
favorable but a right or left bundle branch block can persist. 

Also repolarization abnormalities are present, partic- 
ularly flat or usually mild negative T waves, that may be 
deep or have a + morphology, and/or an abnormal ST 
segment. These abnormalities are usually observed in 
many leads. The upsloping ST segment elevation is con- 
cave with respect to isoelectric line, at least in some leads 
(Figure 22.2). On occasion, differential diagnosis using 
the ECG for acute coronary syndrome (ACS) with ST 
segment elevation may be difficult. 

Differential diagnosis with an ACS must be performed. 
During the evolution of acute myocarditis, Q wave ECG, 
or even QS pattern, may be present. Usually it is not very 
deep, and is transient. The difficulty in making a diagnosis 


Figure 22.2 (A) A patient with acute 
myocarditis and ECG with low voltage 

and signs of right bundle branch block plus 
superoanterior hemiblock and a Q wave 

of necrosis in many leads. After the acute 
phase (B), the Q waves and superoanterior 
hemiblock disappear. In many leads, a mild 
and diffuse pattern of negative T wave is 
present and the low voltage persists. 
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increases because both cases may present with precordial 
discomfort, especially in cases of perimyocarditis and 
increase in biomarkers. Thus it may be necessary to 
perform coronarography or multislice computerized 
tomography (MSCT). 

The differential diagnosis is even more complicated 
with an atypical ACS known as transient apical dyskine- 
sia (Tako-Isubo syndrome) (see Figure 20.44) first 
described in Japan (Tsuchihashi et al. 2001), and reported 
frequently in Western countries. The diagnosis of tran- 
sient apical dyskinesia (see Chapter 20) is supported by: 
(i) the ST segment elevation usually showing a marked 
upslope; (ii) a long QTc interval; (iii) a “q” wave that it is 
more frequently present, and less transient than in myo- 
carditis; and (iv) the appearance of a deep negative T 
wave in the evolution as a manifestation of post-ischemic 
change (see Figures 13.11 and 20.6B). In clinical practice, 
the distinction is not easy to make and in some cases it is 
impossible with the ECG only (see Chapter 20). However, 
the presence of a persistent “q” wave does not usually 
appear in myocarditis, and the clinical picture is also dif- 
ferent. As previously mentioned, it may be necessary to 
perform coronarography or CE-CMR that shows intramy- 
ocardial spots in myocarditis that are usually easily dif- 
ferentiated from subendocardial or transmural patterns 
seen in ischemic heart disease. 

When the acute phase is over, the evolution is usu- 
ally good, and in these cases the ECG remains mildly 
changed (usually slight changes in the T wave) or 
becomes normal. Unfortunately, some cases progress to 
dilated cardiomyopathy, even with a poor evolution in 
the short term. 


Restrictive cardiomyopathy 


There are many etiologies for this infrequent type of 
cardiomyopathies (infiltrative including amyloid, sarcoid 
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and Gaucher disease and non-infiltrative usually idio- 
pathic processes, storage diseases, including hemo- 
chromatosis, Fabry disease due to deficiency of the 
lisozomal enzyme a-galactosidase A and all types of 
endomyocardial involvement). The hallmark is abnor- 
mal diastolic function usually with normal contractile 
function. Thus, restrictive cardiomyopathy bears 
some functional resemblance to constrictive peri- 
carditis. The differential diagnosis is mandatory 
because of the potential surgical treatment of constric- 
tive pericarditis. 

Restrictive cardiomyopathy in the advanced phase 
may display some striking patterns in the ECG (Figure 
22.3): (i) a pseudo-necrosis “q” wave; (ii) obvious repo- 
larization abnormalities, and (iii) a P wave with a signi- 
ficant brisk negative component in V1 due to the 
significant left atrial enlargement frequently found (iv) 
intraventricular conduction disorders; (v) prominent R 
in V1 and (vi) LVH with “strain”. All these parameters 
combined with echocardiography and clinical setting 
are useful for differential diagnosis (Hoigne 2006) 
(Figure 22.3). Due to the presence of significant atrial 
dilation, atrial fibrillation is often present, even in 
young patients, and may be poorly tolerated. Heart 
transplant is often necessary but presents many prob- 
lems due to frequent systemic involvement in infiltrative 
and storage diseases. 


Dilated cardiomyopathy and heart failure 


Concept, etiology, and clinical syndromes 

Dilated cardiomyopathy is the most frequent type of 
cardiomyopathy. It is a syndrome characterized by cardiac 
enlargement and impaired systolic and/or diastolic func- 
tion of the left or both ventricles. It is considered idio- 
pathic when the cause is a primary disease of heart 


Figure 22.3 (A) A patient with advanced restrictive cardiomyopathy. Note the presence of clear QRS abnormalities simulating lateral 
necrosis. Evident P wave signs of very important biatrial enlargement are found in this type of a cardiomyopathy. (B) Patient of 56 years 
with cardiac amyloidosis that presents pathologic Q wave, low voltage and abnormal repolarization. 


muscle. Over time, the symptoms of congestive heart 
failure usually appear. 

Its importance is great because it has a high incidence, 
especially if we include all cases of hypertensive, valvu- 
lar, or ischemic origin evolving to a clinical picture of 
heart failure in a similar way to the idiopathic cases of 
dilated cardiomyopathy. 

In a significant number of cases, the origin is unknown 
(idiopathic dilated cardiomyopathy). However, there is 
growing evidence that a relatively high number of idio- 
pathic dilated cardiomyopathies are of genetic origin 
(around 30%). 

The etiology of dilated cardiomyopathy is commonly 
infectious, (viral), although in many cases there is no 
previous history of myocarditis. Furthermore, there are 
many causes of systemic, metabolic, or toxic origin, 
including alcohol and the administration of some 
chemotherapeutic drugs that can lead to a dilated 
cardiomyopathy. In South America, for example, Chagas 
cardiomyopathy continues to be a significant problem. 
It is caused by an acute myocarditis due to Trypanosoma 
cruzi, a flagellate protozoan present in jungle mammals 
and carried to humans via bites insects that typically 
dwell in the ceilings and walls of rural houses in Latin 
America (Mendoza and Acquatella 2003). In about 
10-20% of cases, Chagas cardiomyopathy presents with 
different types of heart block and active arrhythmias 
and evolves to dilated cardiomyopathy with different 
degrees of heart failure. It is worth noting that in view 
of considerable existing immigration flows, there are 
certain to be many “silent” cases of Chagas cardio- 
myopathy, both in Europe and in the United States 
(Milei et al. 1992). 

Patients with dilated cardiomyopathy present with 
signs of left ventricular impairment that often evolves to 
heart failure with depressed (systolic) or preserved 
(diastolic) left ventricular function. For this reason, we 
examine the ECG of dilated cardiomyopathy together 
with the ECG of heart failure. 

Heart failure (HF) presents the most important chal- 
lenge for cardiology in the twenty-first century, because it 
represents the final path for all heart diseases. It is of par- 
ticular significance to recall that hypertension is the most 
frequent cause of heart failure, along with ischemic heart 
disease. 

Heart failure is by definition symptomatic and occurs 
when the heart cannot efficiently pump blood to vital 
organs. The main symptom of heart failure is dyspnea, 
which is used to classify heart failure into different func- 
tional classes (NYHA). 

Today, it is known that heart failure develops via two 
pathophysiological mechanisms: systolic heart failure, 
the better known of the two, which is accompanied not 
only by symptoms but also by a low ejection fraction; and 
diastolic heart failure, which is also symptomatic and has 
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an ejection fraction that is normal or almost normal, thus 
presenting several diagnostic difficulties for distinguishing 
it from other possible causes of dyspnea, such as res- 
piratory failure. It has been proven that brain natriuretic 
peptide (BNP) concentrations in dyspneic patients allow 
for the determination of whether dyspnea is caused by 
heart failure or not. Diastolic heart failure, therefore, 
presents more diagnostic difficulties than systolic heart 
failure. Unfortunately, prognosis is also poor in these 
cases, although better than in classic systolic heart failure. 
Diastolic heart failure is often accompanied by congestive 
failure, acute pulmonary edema, and sudden death 
(Varela-Roman et al. 2002) (see references page XII). 


ECG characteristic changes and clinical 

and prognostic implications 

It is quite rare that a patient with class III-IV heart failure 
does not present with ECG abnormalities. A normal ECG 
has a high negative predictive value (>90%). This may 
almost rule out the presence of significant left ventricular 
dysfunction (Remme and Swedberg 2001). In advanced 
cases of high output heart failure (e.g. beriberi), the ECG 
does not exhibit many abnormalities (Figure 22.4). In 
patients with hypertrophic cardiomyopathy, on the other 
hand, it has been proven that a relatively low voltage 
could be a marker of heart failure in the medium term (see 
Figure 21.5) (Ikeda et al. 1999). In hypertrophic cardiomy- 
opathy and arrhythmogenic right ventricular dysplasia 
the ECG may be normal in some few cases (see Chapter 
21). However, a normal ECG may not rule out diastolic 
disfunction in patients with clinical suspicion of HF. In 
these cases it has been demonstrated that a longer QT 
interval may predict LV disfunction (Wilcox et al. 2011). 

In HF the ECG may show signs of atrial and/or ven- 
tricular enlargement, intraventricular blocks and/or 
Q wave of necrosis due or not to ischemic heart disease. 

The presence of low-voltage ORS complex in the frontal 
plane is a characteristic of dilated cardiomyopathy, although 
high voltage is found in the right precordial leads (Figures 
11.27, 11.30, and 11.31). Cases with advanced heart failure, 
especially due to the presence of anasarca, may present with 
a low voltage of ORS, T and also P waves (Madias 2008) (see 
pericarditis) that can disappear with the improvement of 
the disease (Figure 22.5) (Madias et al. 2001). 

ORS complexes are often notched and wide (different 
degrees of left bundle branch block morphology). If 
advanced left bundle branch block (LBBB) is found, V3 volt- 
age allows idiopathic cardiomyopathy (much higher QRS 
voltage) to be distinguished from ischemic cardiomyopathy 
(Figure 22.6) (Bayés-Genis et al. 2003). This sign is probably 
more useful than repolarization abnormalities or even 
pathologic Q waves in differentiating between ischemic and 
idiopathic cardiomyopathy. 

The presence of advanced LBBB with very wide QRS 
complexes (2170ms) is an indicator of poor ventricular 
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Figure 22.4 A 61-year-old patient with beriberi heart disease and heart failure who died in cardiogenic shock. (A) The ECG one month 
before death was normal. (B) The ECG 2 days prior to death. At that time, the QRS was still normal and only tachycardia and minor 
repolarization alterations could be seen. 
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Figure 22.5 Serial weights and corresponding sum of the amplitudes of QRS complexes (SQRS) revealing the reciprocal relation of these 
two variables in this patient (Pt) (Reproduced from Madias JE, Bazaz R, Agarwal H, et al. 2001, with permission from Elsevier.) 
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Figure 22.6 ECGs of two patients, one with non-ischemic cardiomyopathy (NIC) and the other with ischemic cardiomyopathy (IC). 
Both ECGs have a similar QRS width, left ventricular ejection fraction (LVEF) and left ventricular end diastolic diameter (LVEDD). 
Note the pronounced voltages of right precordial leads, particularly in V2 and V3 (arrow), observable in non-ischemic cardiomyopathy 
compared to ischemic cardiomyopathy. 


function (Das et al. 2001) and the presence of final R wave 
in VR (QR) in advanced LBBB is a possible marker of RV 
dilation (Van Bommel 2011) (see Chapter 11). 

The rhythm tends to be fast if it is sinus rhythm. 
Atrial fibrillation and ventricular arrhythmias are com- 
mon. The association of LBBB and atrial fibrillation 
present in at least 5% of patients with congestive heart 
failure is a marker of poor prognosis (increase in over- 
all mortality and sudden death with more frequent 
hospitalizations) (Baldasseroni et al. 2002) (Vazquez 
2009). Figures 10.30, 11.27, 11.30, and 11.31 show typical 
examples of patients with idiopathic dilated cardiomy- 
opathy in advanced stages of heart failure. 

It is estimated that approximately 40% of cardiovas- 
cular deaths reported in patients with heart failure are 
sudden, unexpected deaths, whereas the remaining 
deaths may be attributed to heart failure progression. The 
3-year mortality rate in patients with heart failure (NYHA 
Classes II-III) is 20-30%. Half of these deaths can be attrib- 
uted to sudden death (“a heart too good to die”). Cases of 
sudden death in patients with NYHA Classes II-III heart 
failure are mostly caused by ventricular arrhythmia (VT/ 
VF), whereas in NYHA Class IV patients, bradyarrhyth- 
mias play a more important role (Luu 1989) (see Chapters 
16 and 17). This may explain the inefficacy of antiarrhyth- 
mic drugs in preventing sudden death in Class IV patients. 

Although some contradictory results exist, most cur- 
rent studies (Vazquez et al. 2009) show that sudden death 
is more frequently observed in cases of systolic heart 
failure, especially in patients with ischemic dilated cardi- 
omyopathy, than in cases of diastolic heart failure. 

In contrast, there is considerable evidence indicating that 
several risk markers reflecting alterations of ANS (heart rate 
variability (HRV), heart rate turbulence (HRT), sinus tachy- 
cardia) (Cygankiewicz et al. 2006, 2008) may play a role in 
the risk stratification of sudden death in heart failure 
patients, although the PPV is low. At the same time, it has 
been demonstrated recently that one of the most extensively 
studied risk markers (T wave alternans) has been useful in 
the prediction of sudden death (Bloomfield et al. 2004) 
(Verrier 2011). However there is not definitive evidence that 
these risk markers may be useful for guide treatment. 

Sympathetic innervation increases detected by Im-IBG 
images correlate with an improvement in heart failure 
prognosis and a decrease in ventricular arrhythmias. 

We have recently published a risk score for predicting 
death in patients with heart failure (MUSIC study) 
(Vazquez et al. 2009). This study was designed to analyze 
the prognostic value of different clinical, ECG (12-lead ECG 
and Holter), echocardiographic, and biochemical variables 
in predicting sudden death in patients with heart failure. 
This multicenter prospective study enrolled 992 patients 
with mild to moderate (NYHA Classes II-III) heart failure 
and followed both systolic (75%) and diastolic (25%) heart 
failure over 3 years. Seventy-eight per cent of patients 
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showed NYHA Class II heart failure at study entry. Several 
variables were analyzed to predict all-cause mortality, car- 
diac death, sudden death, and heart failure death. 
Multivariate analysis identified 10 independent prognostic 
variables useful for predicting outcome in heart failure 
patients (Figure 22.7A), with a different numeric value for 
each variable. It should be emphasized that only atrial 
enlargement and NT-pro BNP levels were found to predict 
death, regardless of the mechanism involved (cardiac 
death, sudden death, on death due to heart failure progres- 
sion). A combination of 10 of these variables allowed us to 
establish a risk score. Figure 22.7B shows the mortality 
curve according to the type of death studied. With this risk 
score, two different well-defined populations were found: 
one population group with a score <20, considered a low- 
risk population, and a second population group with a 
score >20, considered a population with increasing high- 
risk. Recently, we have identified a new serum marker of 
sudden death, the ST2 (Pascual-Figal et al. 2009), which 
together with NT-pro BNP is highly predictive of sudden 
death. However, further investigation to validate these 
results is needed. The economic impact of lowering costs by 
reducing ICD implantation by better predicting sudden 
death may be improved with future studies. 

It is reasonable to assume that the use of an implantable 
defibrillator ICD) (Mirowski 1980) is particularly advisa- 
ble when in spite of best drug treatment the ejection frac- 
tion is below 30%, in patients assessed as Class II or III 
according to NYHA criteria, or in those with ischemic heart 
disease (sudden death is more frequent in coronary 
heart disease than in idiopathic heart disease). Cases with 
heart failure and a wide QRS complex (>140ms) and low 
ejection fraction (<30-35%) may be good candidates for 
resynchronization therapy (biventricular pacemaker) plus 
ICD (ICD-CRT therapy) (Cazeau 1994; Moss 1996; Moss 
2002; Moss 2009). However in some cases the only solution 
is the heart transplant. 


The transplanted heart ECG 
Both recipient and donor P waves, the latter always being 
associated with the QRS complex, may be seen on the sur- 
face ECG. Sometimes it is necessary to utilize a right atrial 
lead to view the recipient P wave (Figure 22.8). Usually, 
the donor P wave rate is higher than that of the recipient P 
wave, since the donor P wave is not under vagal control. 
The ECG abnormalities most frequently observed in the 
transplanted heart ECG include: repolarization abnormali- 
ties, right bundle branch block (RBBB) morphology, atrial 
arrhythmias (flutter and fibrillation), and sinus bradycardia, 
which may be severe in some cases and even show evidence 
of sinus node disease (Marti et al. 1991). The improvement 
seen in many patients with a transplanted heart is amazing. 
Despite the still elevated mortality rate and problems with 
immunosuppression, heart transplantation has clearly 
opened the door to a new and better life for these patients. 
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Figure 22.7 (A) Risk score for predicting different types of death. We see the parameters used to determine the score. (B) Mortality curves 


for the different types of death over a period of three years (Reproduc 


ed with permission from Vazquez et al. 2009). 
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Figure 22.8 Leads I, II, II, V1, and right atrial leads (A) of a patient who underwent a heart transplant. Two atrial waves, that of the 
patient (AR) and of the donor (AD), are observed; the latter maintained cardiac rhythm. 


Pericardial disease 


Concept and diagnosis 

Pericardial disease encompasses: (i) acute inflammatory 
pericarditis that is idiopathic or caused by other etiologies 
with or without pericardial effusion and often recurrent, 
and may progress to a chronic phase (constrictive 


pericarditis); (ii) pericarditis related to hypersensitivity or 
autoimmunity; (iii) other forms of pericardial disease 
(uremic, neoplasic, myxedema, post-myocardial infarc- 
tion and post-pericardiotomy, etc.). 

Clinical signs that are very much in favor of pericarditis 
are: (i) antecedents of infection of upper respiratory tract 
some days before; (ii) the characteristics of pain related to 


respiration and irradiated to the neck; (iii) the presence of 
pericardial rub; and (iv) ECG changes (see below). 

The differential diagnosis of acute pericarditis (peri- 
myocarditis) must be performed with acute ischemic 
heart disease, dissecting aneurysm, and early repolariza- 
tion pattern, among other processes. Table 19.3 shows the 
most important criteria, including the ECG, used to per- 
form the differential diagnosis (see also myocarditis). 

e Because there is chest pain and ST segment elevation, 
acute ischemic heart disease must be ruled out. This is 
not always easy, and is even more complicated today 
because both myopericarditis and pericarditis detected 
by ECG (normal or with a slight ST segment elevation 
that is convex with respect to isoelectric line) may cause 
a moderate increase in troponin levels (see Myoperi- 
carditis). Therefore, an increase in troponin levels is not 
effective for differentiating between pericarditis and 
acute coronary syndrome because increased levels may 
be present in both. 

e Quite frequently, a slight and convex notch at the end 
of QRS with some upward ST segment deviation with 
respect to the isoelectric line at the J point, known as 
early repolarization (Klatsky et al. 2003), once consid- 
ered benign but recently shown to be a marker of bad 
prognosis in the presence of some characteristics 
(Chapter 23), has been confused with ST segment devia- 
tion of acute pericarditis, both by computerized ECG 
interpretation and by manual interpretation, especially 
when the ECG pattern pertains to a patient with atypical 
chest pain. The exercise stress test returns the ST seg- 
ment elevation to normal in cases of early repolarization, 
but not in cases of pericarditis or coronary heart disease 
(Figure 19.5). 


ECG changes 


The ECG in idiopathic pericarditis 

It has been documented that the most characteristic ECG 
abnormalities are from repolarization and are presented 
in four stages (Spodick 1982) (Figure 22.7): The first stage 
starts with a slight and diffuse ST segment elevation that 
is convex with respect to the isoelectric line, often accom- 
panied by a PR segment elevation in VR, with a mirror 
pattern of PR segment depression in the inferior and/or 
lateral wall (see Figure 9.21). Some days later (second 
stage) the ST segment returns to baseline, after which 
(third stage) the T wave becomes negative. Finally, a 
gradual return to normal in the ECG is observed 
(Figure 22.7). This four-step evolution is not commonly 
seen. Sometimes the negative T wave is present from the 
beginning. 

At other times, a fixed repolarization abnormality 
occurs, no negative T wave exists at all, or the repolariza- 
tion abnormality is not diffuse or ST/T changes are more 
striking (perimyocarditis). In 15-20% of cases, different 
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types of supraventricular arrhythmias, especially atrial 
fibrillation, may appear. 

In acute pericarditis or during recurrences, the presence 
of a PR segment shift (21mm upwards in VR and down- 
wards in inferior leads) as an expression of atrial injury is 
frequently seen and sometimes it is the only indicator of 
the condition (see Figure 9.21). 

From an electrocardiographic point of view, the diag- 
nosis of pericarditis is supported by the following data: 

e Morphology and extension of ST segment elevation 
(Figure 22.9A): In general terms, ST segment upward 
deviation in isolated pericarditis is mild (<2-3 mm), usu- 
ally convex with respect to the isoelectric line, and quite 
diffuse. It must be remembered that when associated 
myocarditis (perimyocarditis) is found, the ST segment 
may have other morphologies (Figure 22.10). 

e Abnormalities of the PR segment, typically upwardly 
deviated in VR and downward in II, II, VF, are quite com- 
mon (see Figure 9.31). These abnormalities are also pre- 
sent in atrial infarctions, usually with evident Q waves 
and this is important for differential diagnosis (see Figure 
9.30 and Chapter 20, Atrial infarction). 

e Evolution: There is no Q wave and the image tends to 
disappear within a few days, with or without presence of 
a negative diffuse T wave (Figure 22.9). 

e Associated myocarditis: The changes in the ECG of 
patients with pericarditis partially depend on the pres- 
ence of associated myocarditis, which could explain the 
more persistent and striking ST segment abnormalities: 
an ST segment that may be concave with respect to isoe- 
lectric line, a more negative T wave, and, in some cases, 
sinus tachycardia (Figure 22.10). Quite often, the ECG in 
pericarditis returns to normal over time (Figure 22.9), but 
sometimes a flat and somewhat negative T wave persists. 
This image demands a differential diagnosis with every 
other cause that may lead to a flat or negative T wave (see 
Table 13.4). 


The ECG in other types of pericardial disease 

In cases of constrictive pericarditis, the ECG characteris- 
tically shows a diffuse and persistent repolarization 
disturbance that usually is not very striking and often 
shows abnormal P waves in the presence of atrial fibrilla- 
tion (see Figure 13.17). 

In cases of pericarditis with large pericardial effusion, 
diffuse repolarization abnormalities are often associated 
with low voltage in the QRS complex and T wave but not 
in the P wave. However in cases of huge peripheral edema 
of different ethiologies, there is low voltage of QRS, T and 
also P wave (Madias 2008) (see heart failure). 

Sometimes pericarditis may develop as a post- 
operative complication of heart surgery. ECG patterns of 
the QRS complex may be confusing because of the 
associated disease, but the PR interval elevation in VR 
(if present) and the morphology of the convex ST 
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Figure 22.9 A 43-year-old male with acute pericarditis and the four ECG evolutive phases. The A, B, C and D recordings were obtained at 
days 1, 8, 10, and 90. (A) The ST segment elevation convex respects the isoelectric line. (B) Flattening of the T wave. (C) Inversion of the 
T wave. (D) Normalization. 
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Figure 22.10 (A) A 54-year-old patient with precordial pain of pericardial characteristics. There is an ST elevation in some leads but 
without Q waves and with PR elevation in VR and depression in II. The clinical history, the ECG, and the follow-up (B to D) with an ECG 
that shows a resolution of ST elevation without the appearance of a Q wave the diagnosis of pericarditis. The ST shift, however, is atypical 
(compare with Figures 19.3 and 22.9). 
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Figure 22.11 The ECG recordings (lead III and VF) performed during one week of evolution of ST elevation myocardial infarction. ST segment 
elevation persists without the appearance of a negative T wave. This is a risk marker of cardiac rupture, which in fact occurred in this case. 


Figure 22.12 Typical morphology of electrical alternans in a patient with cardiac tamponade due to metastatic lung neoplasia. 


segment elevation with respect to the isoelectric line help 
determine the right diagnosis. 

The peri- MI pericarditis occurs in case of large MI. 
The ECG may present abnormalities of the PR segment. 
When the elevation of the ST segment persists after 
48-76 hours in transmural Q wave infarctions without 
the T wave becoming negative, a regional pericarditis, 
which could be a prelude to cardiac rupture, must 


be suspected (Figure 22.11) (Reeder and Gersh 2000; 
lessons 13 and 20). 

The most specific sign of pericardial tamponade is the 
evidence of electric alternans of the QRS complex. In these 
cases, the study of pericardial effusion will assist in the 
diagnosis that unfortunately is not often due to idiopathic 
pericarditis (malignancy or rare infections) (Figure 22.12) 
(see Chapter 19). 
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Rheumatic fever 


Rheumatic fever is a systemic inflammatory disease 
whose target organ is the heart. Therefore, it may develop 
in the acute stage, with significant joint involvement and, 
if untreated, carditis in 40% of cases that may cause tachy- 
cardia, heart failure, etc. However, rheumatic fever is cur- 
rently very rare in developed countries. The diagnosis of 
rheumatic fever requires the presence of two major, or one 
major and two minor, Jones criteria as well as evidence of 
previous streptococcal infection (Chavez Rivera 1986). 

From an electrocardiographic standpoint, the most char- 
acteristic findings include: (i) a prolonged PR interval, 
which is a minor Jones criterion; (ii) repolarization changes, 
usually minor, which are observed in about 50% of cases; 
(iii) more advanced degrees of AV block or bundle branch 
block and different types of arrhythmias, which are not 
very common. These ECG abnormalities tend to disappear 
after the acute phase. If the disease has left valvular seque- 
lae (rheumatic heart disease), they may cause different 
electrocardiographic changes over time (especially atrial 
and ventricular enlargement) (see valvular heart diseases). 

Although rheumatic fever has been nearly eradicated 
in developed countries, its incidence still has an impact in 
developing countries as an etiological factor of valvular 
heart disease. Therefore, it is useful to recognize the ECG 
changes to diagnose this disease. 


Cor pulmonale 


This section deals with: (i) acute cor pulmonale caused by 
pulmonary embolism or acute right-sided heart failure, 
usually with pre-existing cor pulmonale; (ii) chronic cor 
pulmonale, which tends to affect elderly people in par- 
ticular and is often accompanied by emphysema; and (iii) 
cases of primary pulmonary hypertension, often in 
young and middle-aged people. Other types of pulmo- 
nary hypertension with right-chamber compromise seen 
in congenital and valvular diseases are described in dif- 
ferent sections of this chapter and in Chapter 10. 


Acute cor pulmonale (see Chapter 10) 


Pulmonary embolism 

Acute cor pulmonale caused by pulmonary embolism 
may present with a normal ECG in cases of mild embo- 
lism. However this seldom occurs in the presence of a 
moderate/severe pulmonary embolism. 

The most important diagnostic ECG signs, which tend 
to disappear if the condition improves and are not very 
sensitive but highly specific, are the following: 

e McGinn—White sign (SI QII generally with ST segment 
elevation with a negative TII wave) (see Figure 10.15) 
(10% of cases); 


eadvanced RBBB, usually with upward ST segment 
deviation, which is seen in severe pulmonary embolism 
(see Figure 11.16) (15% of cases); 

e significant AQRS rightward deviation (30% of cases); 

e repolarization abnormalities (negative T wave) in the 
right precordial leads (40% of cases); 

e commonly, sinus tachycardia (see Figure 10.16), except 
for certain patients, usually the elderly, with sinus node 
dysfunction; and 

ea peaked P wave and clear signs of RVE. 


Acute right-sided heart failure 

This is triggered by respiratory infection or by a different 
process, usually in patients with pre-existing cor pulmo- 
nale. The ECG may show patterns similar to those 
observed in pulmonary embolism, particularly AQRS 
right deviation and a transient negative T wave in the 
right precordial leads (see Figure 10.14). 


Chronic cor pulmonale 

The term chronic cor pulmonale refers to the compro- 
mise of the right heart chambers caused by pulmonary 
hypertension secondary to diseases that primarily affect 
lung function and/or structure, especially chronic 
obstructive pulmonary disease (COPD) caused by 
pulmonary emphysema or bronchitis. The diagnosis may 
be made when the pulmonary function test is abnormal 
(especially when a reduced forced expiratory volume in 
1 second exists) and chest Rx findings of emphysematous 
hyperlucency are observed (Thomas et al. 2011). 

The ECG may or may not show right ventricular 
enlargement, although the enlargement may exist but be 
undetectable by ECG (see Chapter 10). In fact, only 33% of 
patients with pulmonary hypertension secondary to 
chronic cor pulmonale present with an ECG that suggests 
right ventricular enlargement. Therefore, as previously 
mentioned in Chapter 10, the ECG is not very sensitive for 
detecting right ventricular enlargement. 

ECG criteria that are more suggestive of chronic cor 
pulmonale include the following (see Chapter 10) 
(Spodick 1959; Zambrano et al. 1974): 
eSigns of right ventricular enlargement, especially 
rightward-deviated AQRS and “rs,” “qr” or a dominant 
R wave QRS complex morphology in V1, QRS V2/QRS 
V1 > 5 and/or with S 2 R in V6 (see Figure 10.12). 

e ÂQRS to the right or with a SI, SII, SIII pattern in the 
frontal plane (see Figure 10.13). It may be difficult to dis- 
tinguish the morphologies from a normal variant using 
the ECG only (see Figure 10.13), although the abnormal 
changes of P and/or T wave may help. 

eThe presence of the following signs suggesting 
right atrial enlargement: AP deviated rightwards, with a 
P wave that is flattened in lead I, peaked in II and III and 
quite often + in V1, with a tall positive component 
>1.5mm. 


e Advanced RBBB with special characteristics (a pure 
R wave with a slightly high voltage visible from V1 
to V2-V3) (see Chapter 11). 

e ECG signs of pulmonary emphysema: AP>60° (SE = 62%; 
SP = 83%) (Thomas et al. 2011). Other ECG signs of emphy- 
sema are shortened QRS (<75mm) and low-voltage ORS. 

e Repolarization abnormalities, especially in the inferior 
leads and/or right precordial leads (see Chapter 10). 

Of all these ECG signs that suggest chronic cor 
pulmonale, those with the worst prognosis are SI, SII, 
SIII morphology and signs of right atrial enlargement 
(Chapter 9). The prognosis worsens if both signs are 
present, particularly if the alveoloarterial oxygen gradient 
(PAo,-Pao,) is above 48mmHg with home oxygen 
therapy (Incalzi et al. 1999). The patients with chronic cor 
pulmonale whose ECG is normal or almost normal (> 50% 
of the total) have a better prognosis. 


Primary pulmonary hypertension 

Fortunately, this disease is rarely seen. It is a difficult disease 
to treat, although today there are new and promising agents 
available (prostaglandins and endothelin inhibitors). 

The ECG typically shows a quite clear pattern of right 
ventricular enlargement, usually with R or R/S morphol- 
ogies and negative T waves in the right precordial leads 
and sometimes till V5-V6. This pattern may be attenuated 
as the condition improves (Figure 22.13). 


Congenital heart diseases 


The imaging techniques are more effective than ECG 
for diagnosing congenital heart diseases. Nevertheless, 
certain ECG signs may be very suggestive of several 
congenital cardiac diseases. In front of diagnosis of 
abnormal ECG (morphological changes, arrhythmias) it 
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is necessary to perform additional tests starting with the 
echocardiography. 


Newborn ECG: suspected congenital heart 
disease 

Some of the most interesting characteristics of the 
newborn ECG with respect to possible congenital heart 
disease are discussed in this section. 

Many congenital heart diseases present with a normal 
ECG on the first day of life. Therefore, it is necessary to per- 
form sequential ECGs to rule out congenital heart diseases. 

The presence of negative P wave in lead I, suggests situs 
inversus (right atrium to the left). However, a misplacement 
of electrodes and atrial ectopic arrhthmia has to be rule out. 
If there is a leftward deviated ÂQRS (beyond +30°) in a 
newborn, congenital heart disease must be suspected. 
Atrioventricular canal defects, tricuspid atresia, and sin- 
gle ventricle must be ruled out as possible causes of the 
deviation. 

The association with an AV canal defect and/or 
corrected transposition of the great vessels should 
obviously be suspected in the presence of an AV block. 
However, advanced congenital AV block usually appears 
as an isolated finding. Prognosis of the AV block and 
recommendations for the use of a definitive pacemaker 
will depend on the presence of an underlying cardiac 
disease and on heart rate characteristics (day and night 
mean, maximum and minimum, response to exercise, 
etc.) (see Chapter 17; Figure 17.15). 

If a delta wave indicating Wolff-Parkinson—White- 
type pre-excitation is present, associated Ebstein’s 
disease must be ruled out. 

If the T wave is positive in V1 from the second day of 
life onwards, right ventricular enlargement must be 
suspected. 
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Figure 22.13 A 46-year-old man with primary pulmonary hypertension in a very advanced stage. The catheterization shows pulmonary 
hypertension of 100/60, with a mean of 75mmHg. The ECG shows important signs of right ventricle enlargement similar to those found in 


Figure 22.15. 
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The presence of a pure R wave in V1, usually <15mm, 
may be observed in newborns who are not affected by 
an underlying heart disease. A qR morphology in V1 is 
always suggestive of an underlying heart disease, except 
in post-term newborns (see Figure 7.39). In contrast, an rS 
morphology in V1 may be observed in premature new- 
borns (see Figure 7.41). 

The presence of a pathologic Q wave, especially in I and 
VL, rules out right coronary artery of anomalous origin. 


Atrial septal defect 

The most characteristic ECG abnormalities of atrial septal 
defect are (see Figures 10.6 and 10.7): 

e the presence of an rsR’ morphology in V1, with a QRS 
complex <0.12s; 

ea lack of sinus arrhythmia in cases of large atrial septal 
defect; 

e an extreme AQRS left deviation in the ostium primum- 
type atrial septal defect (see Figure 10.6); 

e atrial fibrillation in adults. 


Ventricular septal defect 

The following are the most common ECG abnormalities 
in ventricular septal defect: 

ea normal or almost normal ECG when the ventricular 
septal defect is small; 

e signs of biventricular hypertrophy in large ventricular 
septal defects with hyperkinetic pulmonary hyperten- 
sion with RSR’ morphology in V1 and qRs in V6, and 
sometimes high voltages in intermediate leads (Katz and 
Watchell morphology) (Figure 22.14); 

a tall R wave in V1 if significant reactive pulmonary hyperten- 
sion is found (Eisenmenger syndrome) (Figure 22.15). 


Tricuspid atresia 

The most common ECG abnormalities in tricuspid atresia 
include (Figure 22.16): 

e extreme leftward ÂQRS deviation; 

e P wave changes indicative of right atrial enlargement of 
the congenital type (slight leftward AP deviation); 

e In rare cases WPW-type pre-excitation. 


Figure 22.14 Example of biventricular enlargement (see text). An 8-year-old patient with a ventricular septal defect (VSD) and 


hyperkinetic pulmonary hypertension (Katz—Watchell pattern) (see text). 
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Figure 22.15 A 30-year-old woman with an ostium secundum-type atrial septal defect during the Eisenmenger phase. She was classified 
as NYHA class II-III and treated with bosentan and sildenafil. Right ventricle enlargement is very evident (QRS axis >90° and a unique R 
in V1 with RS morphology in V6). The P wave does not have very striking features. 


Figure 22.16 A typical ECG of tricuspid atresia. Note the hyperdeviation of the QRS axis to the left and the signs suggestive of right atrial 


and left ventricular enlargement. 


Ebstein's disease 

ECG abnormalities characteristic of Ebstein’s disease 
include (Figures 22.17 and 11.10): 

e P waves, usually high-voltage and sometimes markedly 
negative in V1. In Figure 22.17, the P wave in V1 (+/-) 
resembles a QRS complex with an rS morphology. 

e Atypical RBBB morphology, often with an rsr, qR or 
rsR’s’ morphology in V1-V3 and sometimes with a slight 
upward ST segment deviation in V1-V2; 


e occasionally, a pathological Q wave; 

e occasionally, WPW-type pre-excitation; 

e commonly, a long PR interval; 

eusually, paroxysmal supraventricular arrhythmias, 
especially after infancy. 


Stenotic lesions 
Right-sided stenotic lesions (isolated pulmonary 
valve stenosis and tetralogy of Fallot) and left-sided 
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Figure 22.17 ECG and VCG of a child with Ebstein’s disease. Note the long PR interval, the high-voltage P wave hidden in the T wave 
(+—, mimicking the rS in V1) and the atypical right bundle branch block morphology. FP: Frontal plane; HP: horizontal plane. 


stenotic lesions (aortic stenosis and coarctation of the 
aorta) may produce a morphology indicative of enlarge- 
ment of the respective chambers; some of them are quite dis- 
tinctive. Figures 10.8 and 10.9 show ECG differences between 
the pattern found in pulmonary valve stenosis with intact 
ventricular septum with strain pattern repolarization, 
named “barrier” systolic overload by the Mexican School 
(pure R wave from V1 to V2-V3 with “strain pattern”), and 
the image seen in tetralogy of Fallot (pure R wave in V1 
with “strain pattern,” rS morphology in V2 with positive 
ST/T known as “adaptative systolic overload”). In children 
with moderate Fallot’s tetralogy, an RS with a positive 
T wave may be seen (see Figure 10.10). In newborns, right 
ventricular enlargement caused by severe pulmonary 
stenosis may be accompanied by a positive T wave. 

After reparative surgery is performed in cases of tetral- 
ogy of Fallot and other congenital heart diseases, advanced 
RBBB is often found and is usually due to a distal lesion of 
the specific conduction system caused by the surgery (see 
Figure 11.12). In such cases, the time from the beginning of 
ventricular depolarization to right ventricle apex (V-apex) 
activation is not prolonged (see Figure 11.9) (Sung et al. 
1976). The opposite holds true in cases of proximal 
block, typically RBBBs occurring during acute infarction 
(Mayorga-Cortés et al. 1979) (see Chapters 10 and 11). After 


surgery for tetralogy of Fallot ventricular arrhythmias 
may appear and rarely SD may occur (see later). 

Aortic stenosis, even when severe, does not usually 
present with an image of left ventricular enlargement 
during the first years of disease, although it tends to pro- 
gress to an image of left ventricular enlargement with 
strain pattern (see Figure 10.26A). The same can be said of 
coarctation of the aorta. 


Mirror image dextrocardia 

The arrangement of the cardiac chambers in mirror image 
dextrocardia is shown in Figure 22.18, as well as the 
changes produced in the frontal plane by the reorientation 
of the P wave, ORS complex, and T wave axes (A: normal; 
B: mirror image dextrocardia). Therefore, the ECG appear- 
ance resembles that seen when the arm leads are inverted 
and the precordial leads are located on the right side. This 
accounts for the negative P wave in lead I and the dwin- 
dling voltage of the precordial leads. In Chapter 6, all pos- 
sible causes of negative P waves in lead I are discussed. 

e Arrhythmias in congenital heart disease 

All the aspects related with this topic are discussed before 
(congenital heart diseases), in Chapter 23 (arrhythmias 
in children), and Chapter 24 (advanced congenital AV 
block). 
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Figure 22.18 (A) Characteristic ECG of a patient presenting with mirror image dextrocardia as the sole heart abnormality. (B) When electrode 


positions are inverted, the ECG is recorded as normal. 


Arterial hypertension 


Effect of arterial hypertension on the heart 

High blood pressure affects the heart via direct and indirect 
mechanisms (Bayés-Genis et al. 1995a) (Figure 22.19). On 
the one hand, it causes left ventricular enlargement, which 
leads to hypertensive heart disease, and on the other hand, 
it is one of the most important risk factors in coronary 
artery atherosclerosis. Both mechanisms cause electrical 
instability (arrhythmias), ventricular dysfunction (heart 
failure), and myocardial ischemia (coronary heart disease). 


The Framingham Study has clearly proven that high 
blood pressure is one of the most important risk factors in 
coronary heart disease, especially when it is associated 
with other risk factors (Figure 22.19) (Kannel 1976). 
Hypertensive patients are more frequently affected by 
ischemic heart disease than the general population, and 
there is also a greater occurrence of heart failure, atrial 
and ventricular arrhythmia, and sudden death (Levy et al. 
1987, 1994). This is related to the fact that there are 
two mechanisms involved, as previously mentioned. 
Therefore, the ECG in patients with high blood pressure 
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may reflect signs of both left ventricular enlargement 
and ischemic heart disease (Bayés-Genis et al. 1995a). 


ECG changes: clinical implications 

and prognosis 

The ECG changes of LVH are secondary to changes in 
depolarization (reduced conduction delay) and repolari- 
zation (primary increase of AP duration). The contribu- 
tion of both processes in the typical ECG pattern of LVH 
(strain pattern), has been recently studied in an experi- 
mental model (Bacharova 2010). Often influences in the 
ECG pattern other primary factors (ischemia, drugs) (see 
Chapter 10, repolarization changes). 

ECG criteria for left ventricular enlargement in hyper- 
tensive patients shows also low sensitive as the general 
criteria for left ventricular enlargement discussed in 
Chapter 10 (see Table 10.4) (Levy et al. 1990). 

The ECG criteria for left ventricular enlargement more 
commonly used in hypertension are shown in Table 22.1. 
Those with a higher sensitivity (280%) are: RV6/RV5 
>0.65 and a ORS complex total voltage in 12 leads >120 mm 
(Rodriguez Padial 1991). However, these two criteria have 
low specificity, especially the first (21%). Most of the other 
criteria shown in this table, however, are highly specific 
(290%). The sensitivity of other ECG criteria may improve 
slightly when associated with other variables (sex, age, 
etc.) (Sheridan 1998) (see Chapter 10). 

The sensitivity of ECG criteria for the diagnosis of left 
ventricular enlargement depends on whether the possibil- 
ity of presenting with anatomical left ventricular hyper- 
trophy in the group studied is high or not (Bayes’ theorem) 
(Selzer 1981). Table 10.6 shows that in a group of 1000 
patients with severe hypertension, of whom 90% have 
anatomical left ventricular enlargement, the patients with 
ECG signs of left ventricular enlargement have a high 
possibility of exhibiting hypertrophy from an anatomical 
point of view (720/740 = 97%). However, in a group of 
1000 asymptomatic adults in whom only 1% present with 
anatomical left ventricular enlargement, the possibility 
of anatomical hypertrophy in patients with ECG signs of 
left ventricular enlargement is very low (8/206=4%). 


El 


Figure 22.19 Direct and indirect effects 
of hypertension related to left ventricular 
hypertrophy (LVH) and coronary 

Isch. artery involvement. Cor ater: coronary 
atherosclerosis; EI: electrical instability; 
HHD: hypertensive heart disease; IHD: 
ischemic heart disease; Isch: ischemia; 
LVD: left ventricular dysfunction. 


Table 22.1 Comparison of different ECG criteria for the 
diagnosis of left ventricular hypertrophy in systemic hypertension 


ECG criteria Sensitivity (%) Specificity (%) 
R wave in VL >11mm 11 93 
Sokolow-Lyon voltage criteria 22 100 
(RV5 — 6 + SV1 >35mm) 

Romhilt-Estes >5 points 33 94 
Cornell voltage criteria (RVL + SV3 54 85 
>28mm in males or 20mm in 

females) 

Cornell product. Cornell voltage 51 95 
criteria x QRS complex duration 

>2400 mm/m? 

RV6/RV5 >0.65 89 21 
Total QRS complex >120 mm 80 54 


Therefore, the utility of the ECG for diagnosing left 
ventricular enlargement is high for patients with severe 
hypertension and low for the general population. 

ECG changes caused by left ventricular enlargement 
usually correlate highly with the severity of hyperten- 
sion and its evolution. With treatment, these changes can 
be normalized or attenuated (Figure 22.20). Quite often, 
an associated primary factor (medications, ischemia, etc.) 
that modifies repolarization and produces a mixed image 
similar to the one observed in ventricular enlargement of 
aortic valve disease is found (see Figure 10.26D). This 
repolarization abnormality may be transient. It is more 
likely to appear in coronary hypertensive patients with 
IHD, and its extent varies according to changes in heart 
rate and blood pressure. Different studies, both with 
experimental models and clinical trials, have shown a QTc 
interval prolongation in left ventricular hypertrophy 
(Baillard et al. 2000; Oikarinen et al. 2001). 

There is no doubt that echocardiography is the gold 
standard for diagnosing left ventricular enlargement 
because of its high sensitivity and specificity, making it 
comparable to studies using anatomical correlation and 
also provides good information about LV function, and 
many others morphological aspects (valves, aorta, etc). 
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Figure 22.20 A 56-year-old male with hypertensive heart disease before treatment (A) and seven months later (B). Note the disappearance 


of the repolarization abnormalities of left ventricular enlargement. 


Risk and environmental factors 


Variables: Age 
Systolic blood pressure 
Cholesterol level 
Vital capacity 
Number of cigarettes per day 
Relative weight 
Heart rate 


Biennial rate in cases per 10,000 
z 
| 


ECG: LVH, Q wave, ST-T changes 


130.1 


E Males 
O Females 


5 


Multivariate risk deciles 


6 7 8 9 10 


Figure 22.21 Risk of sudden death in the Framingham Study, according to multivariate risk (see inner note) in males and females 


(Kannel et al. 1985). 


However, the ECG has a higher prognostic value than 
echocardiography; if a hypertensive patient exhibits clear 
signs of left ventricular enlargement, it indicates a high 
risk of developing cardiovascular complications (Levy 
et al. 1994). Physicians must always perform an ECG on 
hypertensive patients. It is not always necessary to per- 
form an echocardiogram, however, especially since it is a 
more expensive and needs trained technician. 

Regarding the association of arrhythmias and sudden 
death risk in hypertensive patients, it is important to note 
the following: 
elt has been demonstrated (Holter monitoring) that 
hypertensive patients, especially if exhibiting left 


ventricular enlargement, are more likely to present with 
arrhythmias, particularly atrial fibrillation and ventricu- 
lar arrhythmias (generally, premature ventricular com- 
plexes and non-sustained ventricular tachycardia). 

e Sudden death is more common in this group than in 
the general population. High blood pressure is a marker 
of sudden death, according to the Framingham Study 
(Figure 22.21). 

e It has been proven that both the presence of left ventric- 
ular enlargement and asymptomatic ST segment depres- 
sion (silent ischemia) detected using Holter monitoring 
are independent markers of poor prognosis in hyperten- 
sive patients. As previously mentioned, ECG has a low 
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sensitivity for the diagnosis of left ventricular enlarge- 
ment, especially when compared with echocardiography; 
however, the former is more effective from a prognostic 
point of view. Thus, performing an ECG is imperative in 
all hypertensive patients (Levy et al. 1994). 

e The incidence of associated LVH by necropsic studies in 
cases of sudden death is higher in mediterranean than in 
anglosaxon countries (Subirana 2011). 

eIn many cases, drugs that are being administered for 
hypertension therapy may decrease the left ventricular 
mass and improve the ECG (Figure 22.20). The drugs with 
a more favorable profile are angiotensin-converting 
enzyme (ACE) inhibitors, beta blockers, angiotensin II 
receptor blockers (AII), calcium channel blockers, and 
diuretics. Choosing one over the other as a first-line treat- 
ment depends on the associated heart disease. All of them 
may decrease the sequelae caused by high blood pressure, 
but none have been shown to decrease sudden death 
rates. 
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Chapter 23 


The ECG in Other Diseases and Different 


Situations 


This chapter will review the different ECG characteristics 
in non-cardiac processes and other situations, which are 
sometimes striking. 


Cerebrovascular accidents 


Cerebrovascular accidents, and particularly subarach- 
noid hemorrhage, frequently show general repolarization 
abnormalities of the T wave, which can be highly negative 
or highly positive but are generally wide, and with long 
QT and mirror patterns in frontal plane leads (Figure 23.1). 
Even transient evident ST segment elevation with or with- 
out a negative T wave, very similar to an acute coronary 
syndrome, can be observed (Figure 23.2). 


Endocrine diseases 


Because of the presence of myocardial infiltration in 
myxedema, the following ECG signs can be found: low 
QRS complex voltage, bradycardia, and flattening or 
inversion of the T wave (Figure 23.3). In hyperthy- 
roidism, in addition to sinus tachycardia, the presence of 
supraventricular arrhythmias, particularly atrial fibrilla- 
tion, is frequent. 

In the case of decompensated diabetes (ketoacidosis), 
repolarization abnormalities can often be observed, 
including even an ST segment elevation in the absence of 
a known clinical heart disease (Figure 23.4) (Chiariello 
et al., 1985). Furthermore, the ECG, if there is associated 
ischemic heart disease, shows more alterations in cases of 
type II diabetes than in non-diabetic patients. It has been 
proven that diabetic patients have the same risk of cardio- 
vascular complications as patients who have suffered a 
myocardial infarction. Consequently, risk factors (hyper- 
tension, high cholesterol levels, smoking, etc.) should be 
more intensively treated in these cases. (Hypertension in 
Diabetes Study, 1993). 


Respiratory diseases 


Numerous lung diseases may cause involvement of the 
right chambers both in the acute setting (acute cor pulmo- 
nale due to pulmonary embolism (see Figures 10.15 and 
10.16) or acute descompensation of chronic obstructive 
pulmonary disease (COPD) (see Figure 10.14) ), and in the 
chronic phase (emphysema and chronic cor pulmonale 
(see Figure 10.12) ). The usefulness of the ECG in the diag- 
nosis and prognosis of acute and chronic cor pulmonale, 
including primary pulmonary hypertension (see Figure 
22.13), has been discussed in Chapter 22. 

With regard to lung diseases that do not directly 
involve the right chambers, the ECG can be altered in the 
presence of a pneumothorax, particularly if it occurs on 
the left side. The alterations observed are probably a 
result of the interpositioning of air and displacement of 
the heart, together with a sudden increase in intrathoracic 
pressure. In the case of a left pneumothorax, an AQRS 
deviated to the right is usually observed, as well as a 
reduction in the QRS complex voltage which, in some 
cases, causes morphologies with a decreasing reduction 
in the R wave voltage in the precordial leads, which may 
mimic an anterior infarction. Confusion with ischemic 
heart disease may also be caused by the occasional pres- 
ence of symmetric negative T waves in the precordial 
leads. A PR interval elevation has also been described 
and, rarely, a sometimes striking ST segment elevation in 
leads II, III, and VF, with a reciprocal descent in leads I, 
VL, and VR, which may mimick an acute coronary syn- 
drome (Figure 23.5). 

The ST segment upward deviation is probably caused 
by hypoperfusion and/or coronary spasm, and is shown 
in leads II, III, and VF because the cardiac inferior wall 
of the LV is in contact with the collapsed lung. The 
PR segment elevation if exists can be explained by atrial 
injury (Strizik and Forman 1999; Monterrubio 2000). 
In general, all these alterations are temporary and 
disappear when the condition is resolved. 
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Figure 23.1 A 30-year-old patient with subarachnoid hemorrhage. The ECG shows quite significant repolarization changes, with a very 


long QT interval mainly at the expense of a very wide T wave, positive in some leads (precordial and inferior leads) and negative in 


others (I, VL). 


| | II lll VR VL VF 


Figure 23.2 ECG from a 65-year-old patient with cerebrovascular accident that in its acute phase shows subepicardial injury morphology 


of the type observed in the acute phase of an acute coronary syndrome with ST segment elevation, or in some cases of perimyocarditis. 


Enzymes were negative, the patient never complained of chest pain, and the ECG returned to normal (B) on the following day, coinciding 
with the improvement of the clinical picture. 


Other diseases (see Chapter 22) 


There are many other pathological processes in which the 
ECG shows alterations that may go from slight repolarization 
changes to patterns of evident chamber enlargement, bundle 


branch block, or even patterns suggesting myocardial 


ischemia or necrosis, as well as different active or passive 


arrhythmias. A description of the most characteristic findings 
occasionally observed during some of these processes is 
discussed in the following paragraphs (see references p. XI). 
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Infectious diseases 

It has already been mentioned, when discussing 
myocarditis (Chapter 22), that infectious diseases of 
viral origin or having other etiologies may occasion- 
ally cause alterations in the ECG, in particular in 


Figure 23.3 ECG from a 60-year-old 
patient with myxedema presenting with 
the typical abnormalities found in this 
process: slow baseline rhythm, generalized 
low voltage, and diffuse repolarization 
changes. 


Figure 23.4 A 24-year-old patient with 
decompensated diabetes and asympto- 
matic ketoacidosis with an ECG tracing 
showing an ST segment elevation, 
particularly visible in precordial leads and 
II, MI, VF. This pattern disappeared when 
the decompensation was resolved a few 
days later. 


Figure 23.5 Striking elevation of the 

ST segment in leads II, MI, and VF with 

a mirror image in I, VL, and VR, and low 
voltage in the precordial leads in a patient 
with a left pneumothorax. Following 
evacuation of the pneumothorax, the 
ECG was almost normalized. 


repolarization, which are generally not very evident, 
and transient, and of no clinical significance. In the 
presence of septic shock, the alterations can be much 
more striking and may even cause malignant ventricular 
arrhythmias. 
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Figure 23.6 A 15-year-old patient with Duchenne disease. Note the SI, SII, SHI morphology, Rs in V1 with negative T wave, and RS 
morphology in V6 with positive T wave. All of this is the result of myocardial involvement with an ECG morphology showing mainly 


right ventricular enlargement. 


Hepatic cirrhosis 

Often a generalized low voltage with sometimes flat or 
slightly negative T waves is found in association with 
hepatic cirrhosis. 


Anemia 

In anemia there is often sinus tachycardia and occasional 
repolarization changes, usually slight and in the form of a 
flat or somewhat negative T wave, as well as a usually 
slight ST segment depression (see Chapter 20). 


Pheochromocytoma 
Hypertensive crises, although frequent, do not occur in 
over 50% of cases of pheochromocytoma. Patients 


frequently exhibit symptoms such as headaches, 
palpitations, sweating, etc., but at least 10% of the crises 
are completely asymptomatic. The ECG is abnormal in 
almost 75% of the cases. Different active arrhythmias 
may appear as a result of the increase in the concentra- 
tion of catecholamines, ranging from sinus tachycardia 
to supraventricular and ventricular tachyarrhythmias, 
and sometimes also a shortening of the PR interval. Also, 
left ventricular enlargement can be observed, as well as 
left bundle branch block, repolarization abnormalities, 
and Q waves compatible with necrosis, particularly in 
cases with myocarditis or dilated cardiomyopathy. Many 
of these findings are reversible, at least partially, once 
the process is resolved. 
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Systemic diseases (especially amyloidosis, 
sarcoidosis, and hemochromatosis) 

All of these systemic diseases may cause a more or less 
significant ventricular myocardial involvement, which 
can result in a cardiomyopathy and/or involvement of 
the specific conduction system. As a result, the ECG may 
show pattern of: (i) chamber (atrial and ventricular) 
enlargement; (ii) different types of atrioventricular 
(AV) block or bundle branch block, (iii) alterations of 
repolarization and (iv) necrosis Q waves. These patients 
may also sometimes exhibit serious ventricular arrhyth- 
mias (sustained ventricular tachycardia) (see Chapter 22, 
restrictive CM). 
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Neuromuscular diseases 

The ECG in neuromuscular diseases is often pathological 
and presents with P wave, QRS complex, and/or ST/T 
changes, as well as a series of different arrhythmias. In 
Duchenne’s progressive muscular dystrophy, the ECG is 
almost always abnormal. The occurrence of patterns sug- 
gesting ventricular enlargement, particularly right ven- 
tricular enlargement, and/or a usually partial right bundle 
branch block (RBBB), is frequent (Figure 23.6). In Steinert’s 
disease (myotonic muscular dystrophy), the most fre- 
quently found changes are signs of chamber enlargement, 
repolarization abnormalities, conduction disorders, path- 
ologic Q waves, and arrhythmias, especially atrial fibrilla- 
tion (Figure 23.7). In Friedreich’s ataxy there are usually 
necrosis Q waves and diffuse negative T waves. 


Rheumatic diseases 

Most rheumatic diseases with systemic involvement, 
particularly rheumatoid arthritis, sclerodermia and lupus 
erythematosus, lead to coronary heart disease, pericardial 
and/or myocardial involvement, as well as different 
types of arrhythmias, more frequently than in a healthy 
population. Consequently, the ECG tracing may exhibit 
different kinds of abnormalities related to the condition 
involved. 


VL 


Tooo 
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Figure 23.7 A 27-year-old patient 

with Steinert disease. This ECG displays 
pathological characteristics and evident 
signs of significant left ventricular 
enlargement (R in VL 225mm), diffuse left 
intraventricular conduction disorder (QRS 
20.128), but with an evident involvement 
of the superoanterior division area (AQRS 
—50°) and QS morphology in left precordial 
Ve leads. 


Kidney diseases 

The most striking ECG alterations in kidney disease are a 
consequence of the hypertension that usually affects these 
patients. In addition, due to chronic renal failure, other 
ECG anomalies can be observed, usually as a result of asso- 
ciated ionic abnormalities (hyperkalemia) (see below). 


Psychiatric diseases 

Various psychiatric diseases, including anorexia nerviosa 
(Vazquez et al., 2003) are accompanied by ECG alterations 
either related or not to ionic alterations. These include 
sinus bradycardia, a long QT interval, arrhythmias, and 
even sudden death. 


Athletes (Figures 23.8-23.11) (Corrado 
et al. 2010); Uberoi et al. 2011) 


We have already remarked (Chapters 7 and 9) the QRS- 
ST-T changes that may be found in athletes, and espe- 
cially how to perform the differential diagnosis of ECG 
pattern with rSr’ and/or ST elevation in V1-V2 found rel- 
atively often in athletes, with variants of normality such as 
thoracic malformation, especially pectus excavatum, and 
with Brugada pattern, especially type II (see Figure 7.16). 
Now we will comment on the global ECG changes that 
may be found in athletes in surface ECG, divided them into: 
(i) frequent ECG findings that may be training related and 
(ii) uncommon ECG findings that are not training related. 


Surface ECG morphology changes 


Training-related ECG findings 

The morphology of ECG in athletes very frequently shows 
findings that may be training related and require no 
additional evaluation, such as: 

e sinus bradycardia; 

e first-degree AV block, or even Wenckebach type second- 
degree AV block during rest (see below); 


TypeA Type B 
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Figure 23.8 Different types of repolarization abnormalities found in athletes. These are usually benign, but it is compulsory to perform an 
echocardiogram to rule out hypertrophic cardiomyopathy (Serra-Grima et al. 2000). 


e partial RBBB pattern (see Figures 7.14 and 23.9); 

e high voltage of R wave in precordial leads in the absence 
of other criteria for left ventricular hypertrophy; 

e isolated premature ventricular complexes (PVCs) (see 
below); 

e early repolarization (ER) pattern. In this case, we have 
to remember that this pattern has been recently associ- 
ated with sudden death (Haïssaguerre et al. 2008) 
although this is exceptional in the benign type of ER 
usually found in athletes (see Chapter 24, Early repolari- 
zation pattern). 


Non-training related ECG findings 

(Figures 23.9 and 23.10) 

In contrast, uncommon and non-training related ECG 
findings that may indicate further evaluation are: 

e negative T waves = two adjacent leads; 

e ST segment depression; 

e pathologic Q waves; 

e important atrial abnormalities; 

e short or long QT interval; 

e advanced bundle branch block or hemiblocks; 

e evident criteria of right or left ventricular hypertrophy; 
e abnormalities of QRS-ST in V1 suggestive of Brugada 
pattern (see Figure 7.16 and Chapter 21); 


e the presence of some arrhythmias (runs or sustained 
ventricular tachycardia, vagal atrial fibrillation, advanced 
second- or third-degree AV block) (see below). 

Figure 23.8 shows the most frequent repolarization 
abnormalities found in well-trained athletes (Plas 1976), 
which make it necessary to rule out hypertrophic cardio- 
myopathy and other possible causes. 


Arrhythmias 

The most frequent arrhythmias found in athletes are the 
following: 

e PVCs: These are not infrequent in healthy athletes, 
although they usually disappear with exercise. More than 
1 PVC in a surface ECG must be referred for a further 
evaluation. Runs of ventricular tachycardia (VT) and 
especially sustained VT have to be considered definitively 
pathologic and need to be carefully studied. 

e Atrial fibrillation (AF): Whereas paroxysmal AF is 
rarely seen in young athletes, the incidence of AF parox- 
ysmal or chronic in adult athletes or ex-athletes is more 
frequent than in the normal population (Mont et al. 2009). 
e Some benign bradyarrhythmias, such as sinus brady- 
cardia often with junctional escapes and/or first and even 
second-degree Wenckebach-type AV block may be found, 
occurring especially at night (Figures 23.10 and 23.11). 
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Figure 23.9 Athlete with normal ECG with sinus tachycardia and rSr’ pattern of benign chareacteristics in V1. 


Figure 23.10 Very important sinus bradycardia during the night (28bpm). 


Figure 23.11 Another athlete with sinus bradycardia and Wenckebach AV block 3 x 2 during the night. 


e Advanced AV block: This should not be assumed to be 
training-related and requires further evaluation. 

e Sudden death: Although the incidence of sudden death 
among athletes is low, it constitutes a serious social 
problem. In young competitive athletes, the incidence of 
sudden death is approximately 1/100000 people/year 
(Maron et al. 1980 and 1995). In athletes over 35 years of 
age the most frequent cause is ischemic heart disease, 
whereas in younger athletes the conditions most fre- 
quently associated with sudden death are hypertrophic 
cardiomyopathy, coronary anomalies, arrhythmogenic 
right ventricular dysplasia (ARVD), myocarditis, coron- 
ary artery anomalies, and many others (Maron 1980) 
(Figure 23.12). It has been recently demonstrated that the 
use of doping agents (androgenic anabolic steroids) may 
cause a significant shortening of the QT interval («350 ms), 
albeit without reaching the values of short QT syndrome. 
This is related to the increase in I, and I, currents, resulting 
in a shortened repolarization (Bigi et al. 2009). 

Table 23.1 shows cardiac abnormalities found in 161 
elite athletes with arrhythmias considered pathologic 
after arrhythmologic study (Bayés de Luna et al. 2000). 
More than 40% had an underlying heart abnormalities, 
four (2.5%) had documented recovered cardiac arrest and 
three presented with sudden death. 

Athletes should undergo a cardiology check-up that 
includes a complete personal and family history and 
physical examination, a good interpretation of the ECG 
and, if feasible, an echocardiogram, a key diagnostic tool 
in determining the presence of valvular heart disease and 
hypertrophic cardiomyopathy. The differential diagnosis 
with hypertrophic cardiomyopathy is especially impor- 
tant. Figure 21.5 shows the most important differential 
diagnostic clues. In the presence of syncope or other 
symptoms, especially during exercise, if the diagnosis is 
not clear, imaging techniques, such as a multislice scanner 
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and especially cardiovascular magnetic resonance (CMR) 
imaging should be used. If necessary, electrophysiologic 
study (EPS) or even genetic testing and right ventricular 
biopsy should be performed, especially in the presence of 
exercise syncope or an “atypical” ECG. Using each of 
these techniques, hypertrophic cardiomyopathy, ARVD, 
other cardiomyopathies, coronary and aorta anomalies 
and even channelopathies may be diagnosed. In the pres- 
ence of bicuspid aortic valve the practice of isometric 
exercise, such as weight-lifting, is not recommended 
because of the danger of problems due to frequent asso- 
ciation with aneurysm of the ascending aorta. 


Table 23.1 Cardiac abnormalities in 161 elite athletes with 
arrhythmias* 


Total % of 
athletes with total elite Sudden Cardiac 


Disease abnormalities athletes death arrest 
Arrhythmogenic 12 75 1 
ventricular dysplasia 
Mitral valve prolapse 27 16.7 1 
Wolff—Parkinson—White 15 9.3 1 
syndrome 
Dilated cardiomyopathy 3 1.9 1 1 
Hypertrophic 1 0.6 1 
cardiomyopathy 

itral regurgitation 1 0.6 
(severe) 
Aortic valvular disease 3 1.9 
Myocarditis 4 2:5) 
Coronary artery disease 1 0.6 1 
Unknown 1 0.6 1 
cardiomyopathy 
Total 68 42.2 3 4 


* Reproduced with permission from Bayés de Luna, Furlanello, Maron, 
Zipes, 2000. 
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Figure 23.12 Estimated prevalence of cardiovascular diseases responsible for sudden death comparing young (35 years old) (left) 
and older (>35 years old) (right) trained athletes. ARVD: arrhythmogenic right ventricular dysplasia; MVP: mitral valve prolapse; 


CAD: coronary artery disease; HCM: hypertrophic cardiomyopathy. 
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Figure 23.13 (A) A57-year-old man with systemic hypertension and paroxysmal supraventricular tachycarrhythmias. (B) After three 
months of treatment with amiodarone, a change in the T wave morphology is visible, especially in right and mid-precordial leads in which 


split and flat T wave appear (see in V2 and V4). 


Drug administration 


Drugs and ECG morphology 

Many drugs alter the ECG morphology. Some examples 
have been discussed throughout this book. In general, 
abnormalities occur in repolarization (amiodarone— 
Figure 23.13, digitalis — Figures 23.14 and 23.15), etc. Also 
intraventricular and AV conduction may be found (most 
antiarrhythmic agents, digitalis), and sinus node dysfunc- 
tion as well (beta blockers) (Bayés de Luna and Cosin 1980). 


Proarrhythmic effects of drugs 
In addition, many drugs, whether used to treat heart dis- 
eases or not, such as erythromycin, some antidepressant 
and antihistaminic agents, and even some antiarrhyth- 
mic drugs among others, have the capability of causing 
arrhythmias (arrhythmogenic effect) (Horowitz and 
Zipes, 1987; Bayés de Luna et al. 1990; Bayés de Luna 2011). 
This depends on the previous cardiovascular state and the 
dosage and interactions of any drug, but it is especially 
related to the non-homogeneous lengthening of the QT 
interval induced by the drug (see Tables 19.1 and 19.2). 
The most dangerous effect is the induction of ventricular 
tachycardia in the form of torsades de pointes, which can 
cause sudden death. This is especially related to the 
increase of the QT interval duration and the dispersion of 
refractory periods. Drugs that uniformly prolong repolari- 
zation, such as amiodarone, do not have this proarrhyth- 
mic effect; on the contrary are antiarrhythmic. The CAST 
study (1989) demonstrated in post-infarction patients with 
ventricular dysfunction, that the administration of type I 
antiarrhythmics (quinidine, etc.) increases mortality due 
to a proarrhythmic effect. The administration of type I 
antiarrhythmics (quinidine, flecainide, etc.) is therefore 
contraindicated in patients with ventricular dysfunction. 
Drugs that prolong repolarization therefore have to 
be carefully prescribed, in particular when they are 


to be used over long periods of time. Also the presence 
of ionic inbalance, which may be induced by some 
drugs, may be dangerous. Very strict guidelines 
elaborated by American (FDA) and European (EMEA) 
medication agencies are currently available in order to 
control the use of new drugs under study to ensure that 
they do not cause an increase in the QT interval and do 
not have proarrhythmic effects. This danger is probably 
related to concealed and still little-known genetic muta- 
tions. Currently, drug agencies (FDA/EMEA) strictly 
monitor new drugs, especially in relation to QTc length- 
ening and the appearance of torsades de pointes VT /VF. 
To better understand the effects of different drugs on 
the QT interval, consult www.drugsqtlong.org. 

Drugs that also shorten repolarization, such as digitalis, 
may induce practically all types of arrhythmias and even 
sudden death. Even before digitalis arrives to toxic dos- 
age its effect modifies the ECG, inducing QT shortening 
and changes on the ST segment (concave depression) that 
are very easily detected in the surface ECG (Figure 23.15). 

Digitalis toxicity is often expressed by ectopic atrial, 
junctional tachycardia, and ventricular arrhythmias (Kelly 
and Smith 1992). PVCs are often the first sign of digitalis 
toxicity. This may be initially manifest by isolated PVCs or 
ventricular bigeminy. Ventricular tachycardia, sometimes 
bidirectional (Figure 23.14), and ventricular fibrillation 
may occur if digitalis toxicity is not recognized and treated. 
Digitalis intoxication also triggers atrial and junctional 
ectopic tachycardia relatively often. In both cases, the pres- 
ence of AV dissociation is relatively frequent (see Figure 
23.15). The most frequent passive arrhythmias found in 
digitalis intoxications are slow AV junctional rhythms, 
sinus bradycardia, sinoatrial block, and any degree of AV 
block. In the past, digitalis intoxication was more common. 
The most frequent arrhythmias found were PVCs: 80%; 
VT: 20%; atrial and junctional arrhythmias: 90%; different 
degrees of AV block: 40% (Bayés de Luna and Cosin 1980). 
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Figure 23.14 Patient with digitalis intoxication and atrial fibrillation (AF). (A) After two bigeminal premature ventricular complexes 
(PVCs), an episode of bidirectional ventricular fibrillation (VF) starts. (B) The same patient presented with bigeminal rhythm due to PVCs. 


Note the typical ST segment morphology. 
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Figure 23.15 Digitalis intoxication: note the typical morphology of ST depresson due to the digitalis effect with a shortened QT interval. 
This is a case of irregular junctional escape rhythm with some sinus and ectopic P waves, premature ventricular complexes (PVCs), and 


ventricular escape complexes. 


Alcoholism (Figures 23.16 to 23.18) 


It should be noted that small doses of alcohol (<30¢/day) 
can be considered a protecting mechanism against 
ischemic heart disease. However, higher doses, or even 
low ones, particularly in women as well as in cardiac 
patients and genetically predisposed individuals, may be 
deleterious and may account for the appearance not only 
of arrhythmias but also of some cases of dilated cardio- 
myopathy and sudden death. 

From an electrocardiographic viewpoint, in chronic 
alcoholics with no heart failure, higher and symmetric 
(peaked) T waves can be found or, more characteristically, 
low-voltage T waves, sometimes bimodal (notched) or 
even negative, but not very deep (negative), that generally 
being persistent (Figure 23.16) (Evans 1959). Alcoholics 
with heart failure exhibit typical alterations frequently 
found in dilated cardiomyopathies of other etiologies (see 
above). Furthermore, drinking wine in a sporadic fashion, 


Figure 23.16 Typical examples of a notched (bimodal) T wave 
(A), a depressed T wave (B), and a peaked T wave (C), which can 
be observed in a chronic alcoholic patient. 


and even in healthy non-alcoholics, can occasionally cause 
transient repolarization abnormalities. Also, on occasion, 
the repolarization abnormalities detected in chronic alco- 
holics may disappear with abstinence (Figure 23.18). 

It has already been mentioned that alcohol can trigger 
a series of arrhythmias, particularly premature ventricu- 
lar and atrial complexes, and often atrial fibrillation cri- 
ses, especially at nighttime. All these arrhythmias can 
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ISO AB SUC ABN ISO ABN SUC ABN 

Time | TOT |TOT/| MAX |TOT/|CPL/| >2] % Time | TOT |TOT/| MAX |TOT/|CPL/} >2] % 
QRS | HR | RT | HR | HR | /HR}| ABN QRS | HR | RT | HR | HR | /HR| ABN 
1} 13:30} 5.043 | 396 | 47 37 14] 3] 0,50 1} * 13:30 | 6.190 | 0 0 0 0 0 | 0,00 
2) 14:30] 5.106 | 823) 46 4] 10 3 | 17,03 2| * 14:30 | 5.703 | 0 0 0 0 0 | 0,00 
3| * 15:30 | 4.955 | 1915 | 44 10 5 | 0 | 38,04 3| * 15:30 | 5.951 | 0 0 0 0 0 | 0,00 
4| * 16:30 | 4.478 | 1182 | 38 0 0| 0 | 26,39 4| * 16:30 | 4.984 | 0 0 0 0 0 | 0,00 
5) 17:30] 4.265 | 482 | 27 8 4} 0 | 11,40 5| * 17:30 | 4.818 | 0 0 0 0 0 | 0,00 
6| * 18:30 | 4.773 | 1189 | 29 0 0} 0 | 24,91 6| * 18:30 | 5.316 | 0 0 0 0 0 | 0,00 
7| * 19:30] 4.705 | 1555 | 43 6 3| 0 | 33,17 7| * 19:30 | 5.054 | 0 0 0 0 0 | 0,00 
8] 20:30] 4.805 | 1703 | 46 | 198 | 97 1 | 39,56 8 * 20:30 | 4.360 | 0 0 0 0 0 | 0,00 
9| * 21:30 | 4.588 | 1673 | 42 | 140 | 70 0 | 39,51 9| * 21:30 | 4.565 | 0 0 0 0 0 | 0,00 
0) * 22:30 | 4.522 | 1321) 41 | 244 | 82 | 18 | 34,60 10| * 22:30 | 4.556 | 0 0 0 0 0 | 0,00 
1} 23:30} 4.919 | 1320 | 47 | 150 | 65 6 | 29,88 11| * 23:30 | 4.405 | 0 0 0 0 0 | 0,00 
2} 00:30} 4.086 | 198 | 40 6 3} 0} 4,99 12| * 00:30 | 3.655 | 0 0 0 0 0 | 0,00 
3} 01:30) 3.992 | 696 | 41 43 18 2 | 10,51 13 | * 01:30 | 3.427 | 0 0 0 0 0 | 0,00 
4} 02:30] 3.877 | 812| 43 16 0} 0 | 21,35 14| * 02:30 | 3.423 | 0 0 0 0 0 | 0,00 
5| * 03:30 | 4.047 | 1270 | 39 12 6 | 0 | 31,67 15 | * 03:30 | 3.342 | 0 0 0 0 0 | 0,00 
6} 04:30} 4.297 | 1891 | 38 | 125 | 57 3 | 46,91 16 | * 04:30 | 3.432 | 0 0 0 0 0 | 0,00 
7| 05:30} 4.246 | 1946 | 38 | 157 | 66 7 | 49,52 17| * 05:30 | 3.430 | 0 0 0 0 0 | 0,00 
8} 06:30) 5.102 | 2312 | 54 | 257 | 96 | 19 | 50,35 18 | * 06:30 | 3.491 | 0 0 0 0 0 | 0,00 
9} 07:30} 6.196 | 1596 | 53 4 | 22 0 | 26,46 19| * 07:30 | 2.313 | 0 0 0 0 0 | 0,00 
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Figure 23.17 Left: Alcoholic patient with no heart failure complaining of palpitations. The Holter recording demonstrated the existence 
of different premature ventricular complexes—even in runs—which are very frequent, sometimes up to 2000 per hour. Right: The Holter 
study performed after one month of abstinence proved that there were no premature ventricular complexes in the 24-hour recording. 


disappear with abstinence, although this is not always 
the case (Figure 23.17) (Ettinger et al. 1978). Abstinence 
also normally improves deteriorated ventricular function 
(Bayés de Luna 1977), and decreases the number of recur- 
rences in cases of atrial fibrillation. 


lonic disorders 


Changes in serum potassium concentrations, such as 
hyperkalemia or hypokalemia, cause very distinct repo- 
larization abnormalities (Surawicz 1967). Figures 23.19 and 
23.20 illustrate the electrophysiological basis for the ECG 
changes found with hyperkalemia and hypokalemia. 

In hyperkalemia, the T wave in some leads becomes 
too tall and peaked, sometimes with a striking elevation 
the ST segment (Figure 23.19). Subsequently, the QRS 


complex becomes wider and the P wave may disappear. 
The evolutionary ECG changes in patients with extreme 
hyperkalemia due to severe renal failure are shown in 
Figure 23.20, from the moment (A) in which an extremely 
slow rhythm with a very wide QRS caused by ventricular 
escape or concealed sinus rhythm with sinoventricular 
conduction occurs (see Figure 7.3), until the moment (F) 
in which normality is almost regained. 

With hypokalemia, on the other hand, there is a depres- 
sion of the ST segment, and the QT seems long due to 
appearance of a U wave while the T wave flattens (see 
Figure 13.21). 

Likewise, ECG changes related to serum calcium 
concentrations can also occur. Hypocalcemia causes the 
QT to be prolonged at the expense of the ST segment, 
with the T wave being of low voltage, whereas hypercal- 
cemia causes a short QRS and QT segment and a 
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Figure 23.18 (A) Chronic alcoholic patient 
without heart failure with an ECG exhibiting a 
flattened T wave in the lateral wall leads (I, VL, 
V5, 6), which disappeared with abstinence (B). 
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Figure 23.19 (A) Schematic representation of the ECG changes observed in successive stages of hyperkalemia. Atrial and ventricular 
transmembrane action potentials (TAP) are overlapped. Extracellular potassium levels increase (see below), causing a decrease in the 
diastolic transmembrane potential (DTP) (see image on the left), a decrease in height of the TAP 0 phase and of its upstroke velocity (the dots 
of the dotted line are closer together). The increased QRS complex duration is shown in the surface ECG; also, the abolishment of the P wave 
is shown (adapted from Surawicz 1967). (B) A 20-year-old male with chronic renal failure subjected to periodic hemodialysis during the last 
2 years. Hypertension is significant (210/130 mmHg). Serum potassium levels are high: 6.4mEq/1. Note the high and peaked T wave, as well 
as the ST segment elevation in V2 and V3. The QT interval duration is relatively long in leads I, II, and III at the expense of the ST segment 
due to the associated hypocalcemia. 
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Figure 23.20 An 82-year-old patient with chronic renal failure and significant hyperkalemia (9.2 mEq/1) upon arrival (A) with a diagnosis 
of a severe renal failure and presyncope. The QRS is very wide and no P waves are seen. This is probably a ventricular escape rhythm, but 
the possibility of a slow sinus node rhythm with sinoventricular conduction cannot be ruled out, since this kind of conduction disorder 
may be observed with hyperkalemia (Bellet and Jedlicka 1969). From (B) to (F), a progressive normalization of the ECG tracing after the 
improvement of the clinical picture with dialysis. Serum potassium level was normal in (F). 


tall T wave. It has been described (Nierenberg 1999) that 
the Q a T interval is an indicator of hypercalcemia. 

ECG changes associated with magnesium concentra- 
tions can also occur. It is difficult to find isolated alteration 
of magnesium concentrations. Electrolytic abnormalities, 
such as hypokalemia and hypomagnesemia, may be 
triggered by the administration of certain drugs (digitalis, 
diuretic agents, etc.), especially when renal function is not 
quite normal or in the setting of septic shock or severe 
metabolic abnormalities. All these circumstances may 
result in malignant arrhythmias, especially torsades de 
pointes, which, if not rapidly addressed, may lead to 
sudden death (Figure 24.7). Also the ECG changes of com- 
bined hypercalcemia and hypermagnesemia have been 
described (Mosseri 1990). 


Hypothermia 


Moderate and severe hypothermia produce typical changes 
in the ECG tracing (Figure 23.22) (Clements and Hurst 1972; 
Kanna and Wani 2003). The most common changes are: 

e baseline with irregularities; 

e slow heart rate; 

e lengthening of the PR and QT intervals; 

e reduction in the P wave and the T wave voltage in the 
diaphragmatic leads; 

e appearance, as the most characteristic manifestation, 
of a J wave (Osborne wave, slurring of the final portion 
of the ORS complex). 

Also a variety of supraventricular and ventricular arrhyth- 
mias can occur, particularly with severe hypothermia. 
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Figure 23.21 (A) Schematic representation of the ECG changes observed in the evolving stages of hypokalemia. The ventricular 
transmembrane action potential (TAP) has been drawn superimposed on the surface ECG. The diastolic transmembrane potential (DTP) 
value is to the left and the extracellular K* level is shown below. Note that as extracellular K* level progressively decreases, the ventricular 
TAP duration increases at the expense of the phase 3 velocity decrease. The U wave in the ECG tracing is gradually seen more clearly while 
the T wave tends to decrease, together with an apparent ST segment depression (adapted from Surawicz 1967). (B) This belongs to a 
45-year-old patient with advanced mitroaortic heart valve disease treated with excessive doses of digitalis and diuretics. Extracellular K* 
level is 2.3mEq/1. The ECG change corresponding to phase C of the scheme shown in Figure 24.21 can be clearly seen, particularly in V2-V4. 


Figure 23.22 (A) This belongs to 
a 76-year-old patient with 
hypothermia and the ECG is the 
recording typically seen in this 
condition. Note the J, or Osborne, 
wave, typical of hypothermia, at 
the end of the ORS complex, 
sinus bradychardia, long QT 
interval, and an irregular baseline 
(lower strip). (B) When the 
problem was resolved after 
warming the J wave disappeared 
completely. 
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The ECG changes disappear on improvement of the 
patient’s clinical condition (Figure 23.22B). 

Recently the cases of acquired and inherited J waves 
that include cases with danger of sudden death have been 
included in the named J wave syndromes (Antzelevich 
and Yan 2010) (see Chapter 24). 


Pregnancy and puerperium 


During a normal pregnancy, the AQRS gradually deviates 
to the left and the heart rate increases. The heart often has a 
characteristic rotation (dextrorotation and horizontalization 
with the apex deviated forward), with an ECG recording 
similar to that seen in obesity (see Figure 18.6). On occasion, 
repolarization changes can be found, which are usually 
meaningless from a clinical standpoint, but which should 
be followed to check that they are indeed transient. 
Sometimes, ventricular and supraventricular arrhythmias 
can also be seen which are, in general, of a benign nature. 

Peripartum cardiomyopathy is a potential complica- 
tion during pregnancy with an uncertain prognosis, 
although it is rare. A good clinical setting and ventricular 
function, the presence of mild symptoms, and a normal or 
near-normal ECG recording, are all factors that point 
towards a good evolution. 

Rarely, during puerperium, due to connective tissue 
disruption associated with lack of fibrin, cases of coro- 
nary dissection usually in LAD coronary artery, may 
occur. These appear as severe STEMI that may induce 
cardiogenic shock and/or need for heart transplant 
(see Chapter 20 coronary dissection). 


Anesthesia and surgery 


Pre-operative ECG 

A pre-operative ECG recording is performed in most 
hospitals in order to rule out any possible surgical 
contraindication. However, the ECG recording will only 
serve as a guide, and in all cases a correlation of the ECG 
with the clinical history and the other pre-operative tests 
(blood tests, X-ray) should be made in order to produce a 
final report. 

Often, decisive importance is attributed to a normal 
ECG, which leads to a false sense of reassurance. It should 
always be borne in mind that, on occasion, the ECG may 
be normal or may show just minimal changes in the pres- 
ence of a pulmonary embolism or an acute coronary syn- 
drome. Also, it is quite common for an ECG to return to 
normal just a few months after a myocardial infarction. 

The ECG does not always provide information about 
the need for treatment with cardioactive drugs, nor as 
regards the possibilities of toxic effects with some drugs. 
However, its usefulness in the detection of arrhythmias 


and conduction disorders, and in the overall assessment 
of the patient, is unquestioned. 

Furthermore, a reference tracing is extremely important 
in order to assess potential abnormalities that might 
appear during a surgical procedure, especially consider- 
ing that a post-operative myocardial infarction usually 
occurs without pain or its symptoms might be masked by 
analgesics or post-operative discomfort. 

In patients with ischemic heart disease the clinical and 
ECG situation should be assessed very carefully since the 
risks associated with anesthesia and surgery are increased 
and vary from one patient to another. Thus, a history of 
myocardial infarction during the three months prior to 
surgery is regarded as a risk factor, and therefore any kind 
of surgical intervention is not recommended, particularly 
during the first month, except for those cases of an urgent 
nature. The risk is mild in patients with stable angina, but 
it increases significantly in patients during or in a recent 
phase after acute coronary syndrome. In addition, patients 
with heart failure should always be treated to a maximum 
level before surgery. 

Actually, there are very few absolute surgical contraindi- 
cations based on an ECG. However, it may happen that, 
thanks to the practice of an overall pre-operative evaluation, 
specific problems such as, for example, a rapid atrial fibril- 
lation, runs of non-sustained ventricular tachycardia, a sick 
sinus syndrome, etc., may be discovered and can be solved. 

When the implantation of a pacemaker is indicated for 
surgery, it is generally preferable to implant a permanent 
pacemaker, since the selection is usually based on a clini- 
cal situation that is not going to revert after surgery. 


ECG during anesthesia and surgery 

During anesthesia and surgery, the patient should be moni- 
tored correctly and continuously. The ECG recorded in the 
operating room is different from the conventional one in 
two aspects: on the one hand, because of the frequent pres- 
ence of artifacts, and on the other, because of the sudden 
changes that may arise and that are a consequence of the 
effect of different drugs, as well as of the surgery and anes- 
thesia themselves (intubation, change of position, etc.) 

In healthy individuals and in the absence of hypoxia 
and electrolyte imbalance, ECG alterations during 
surgery are scarce. However, several arrhythmias, even 
severe, have been described. Continuous ECG monitor- 
ing is particularly useful in detecting the risk of cardiac 
arrest, and, if the event occurs, in knowing whether it 
is secondary to a ventricular fibrillation or to an 
asystole. The average incidence of cardiac arrest during 
anesthesia is one case in every 3000, and is higher 
(1/1000) in elderly or high-risk patients. In the past it 
was considered that in 20% of cases, the anesthesia is 
totally or partially responsible for the cardiac arrest, 
although with the latest advances in the field this figure 
is much lower nowadays. In general, prior to cardiac 


arrest several warning signs can be identified, which 
may go from ventricular tachycardia to sinus bradycar- 
dia and are usually related to the presence of hypoxia, 
hypotension, hypercapnia, etc. 

The occurrence of arrhythmias during anesthesia usu- 
ally indicates that a disorder that should be corrected is 
present. In this case, the following measures should be 
taken: (i) control in the administration of anesthetic agent; 
(ii) improvement of oxygenation, which is extremely 
important; (iii) achievement of a suitable removal of 
carbon dioxide; (iv) suppression of reflexogenic maneu- 
vers. In cases of potentially dangerous arrhythmias, 
antiarrhythmic agents should only be administered once 
the corresponding measures for the correction of the 
hypoxia and hypotension have been taken, and after all 
possible reflexogenic stimuli, such as traction of the 
mesentery or pleura, have been removed. In urgent cases, 
electric cardioversion should be resorted to. 

Arrhythmias are more frequent at two specific 
moments—during intubation and during tracheal 
aspiration. Bradyarrhythmias are triggered by drugs that 
cause vagal stimulation, but this can be counteracted 
with atropine. 

Environmental arrhythmias, especially all premature 
atrial or ventricular complexes, usually decrease when 
the patient is correctly anesthetized and oxygenated, and 
are less frequent with general anesthesia than with epi- 
dural anesthesia. 

The appearance of the following ECG signs during 
anesthesia and surgery require careful surveillance, the 
suppression of the unleashing factors and urgent action, 
if necessary: 

e tachycardia above 160/min; 

e bradycardia below 45/min; 

e bigeminy or multifocal ventricular complexes; 

e marked repolarization changes (ST segment depression 
or elevation, inversion of the T wave, presence of high 
and peaked T waves with a long QT interval; 

e appearance of an AV block or an advanced bundle 
branch block. 


Post-surgical electrocardiography 
In patients with heart disease it is convenient to perform 
at least one ECG control during the first days after the 
intervention. Patients with ischemic heart disease occa- 
sionally (1-2%) develop a post-operative myocardial inf- 
arction, often in the absence of chest pain. In higher risk 
cases monitoring should be performed after surgery. 
During the post-operative period, an ECG should be 
immediately practiced under the following circumstances: 
e in the event of unexplained hypotension; 
e in the event of symptoms of heart failure (rales, gallop); 
e in the event of arrhythmias (for example, rapid or slow 
rhythms); 
e in case of chest pain, or pain in the arms or back; 
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e in the case of dyspnea or syncope. 

In all of these cases, serial ECGs should be performed in 
order to rule out the possibility of a myocardial infarction, 
even if the first tracing is normal. 


Arrhythmias in children 


The incidence of arrhythmias increases very much with 
age, and the two biggest problems in arrhythmology— 
atrial fibrillation and sudden death—are very infrequent in 
children and even in young people. However, there are 
some types of arrhythmias that have aready been described 
throughout this book that may be present sometimes at an 
early age, and even in newborns and fetus, and some of 
these arrhythmias are very characteristics of this age. We 
will make just a brief summary of the most frequent 
arrhythmias and some clinical considerations. For more 
information consult Bayés de Luna 2011 and general ref- 
erences (page XI). 


Premature ventricular complexes 

PVCs are very infrequent in children. They may express 
just a sympathetic overdrive or expression of some type 
or myocardial problem (hidden myocarditis). It is neces- 
sary to rule out some type of inherited heart disease (see 
Chapter 21). 


Incessant idiopatic ventricular tachycardia 
Incessant idiopatic ventricular tachycardia is a rare arrhyth- 
mia which usually presents between three months and 3 
years of age. May arise in the left ventricle and also in the 
right venticle. Sometimes is very rapid and is present in 
>10% of the time. It has been related to myocardial micro- 
scopic focus and may be often controlled with amiodarone. 
It usually resolves with time. Adenosine may help in diag- 
nosis because it unmasks the AV dissociation. 


Junctional ectopic tachycardia 

Sometimes junctional ectopic tachycardia may be seen 
in infants, and may be very rapid and badly tolerated. 
It may be necessary to perform a catheter ablation, which 
represents some risk of AV block (see Chapter 15). 


Incessant junctional reciprocating 

tachycardia 

Incessant junctional reciprocating tachycardia (IJRT) is a 
rare type of orthodromic junctional reentrant tachycardia 
(see Chapter 15) with retrograde arm in an anomalous 
pathway (see Figure 15.15) that in the majority of cases 
presents in childhood. Sometimes it induces dilated 
cardiomyopathy. The differential diagnosis includes 
especially incessant type of ectopic atrial tachycardia 
(Chapter 15). Spontaneous resolution is uncommon and 
frequently catheter ablation is recommended. 
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Paroxysmal reentrant junctional tachycardia 

As already discussed (see Chapter 14) there are two typical 
cases of paroxysmal reentrant junctional tachycardia: (i) 
involving only AV junction in the circuit (AVNRT) and (ii) 
with participation of an accessory pathway (AVRT). The 
latter is part of the Wolff-Parkinson—White (WPW) syn- 
drome and is probably the most frequent paroxysmal tach- 
ycardia found in children and even newborns. The AVNRT 
appears later in life and is probably caused by some inflam- 
atory process that appears after childhood (Chapter 15). 


Atrial fibrillation and flutter 

Atrial fibrillation is a rare arrhythmia in children. Usually 
is due to inherited origin and it is necessary to rule out 
the short QT syndrome (Chapter 21) are also all types of 
preexcitation (Chapter 12). Atrial flutter is frequently 
observed after repair of congenital heart diseases, espe- 
cially atrial septal defect (ASD) and also in Ebstein’s dis- 
ease (see Figure 15.40). 


Bradiarrhythmias 

The most frequent cause of slow heart rate in newborns 
and children is advanced congenital AV block. This topic 
is discussed in Chapter 24. 


Sudden death 

The cases of sudden death in children, apart from con- 
genital AV block, are related to ventricular tachyarrhyth- 
mias, in the majority of cases in the presence of some 
inherited heart diseases, especially long QT syndrome 
and polymorphic catecholaminergic VT. The Brugada 
syndrome window of danger of sudden death usually 
appears after 15 years, although some cases in childhood 
have been reported, and the same may occur in case of 
other inherited cardiomyopathies. 

Also in some cases a fulminant myocarditis, or ventric- 
ular arrhythmias related to surgical procedures in con- 
genital heart diseases such as tetralogy of Fallot and great 
vessel transposition may occur sometimes after many 
years post-surgery. 
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Chapter 24 


Other ECG Patterns of Risk 


Introduction 


In this chapter we summarize the ECG patterns of risk 
of important arrhythmias and sudden death that have 
not been fully discusses in previous Chapters 14 to 17 
(arrhythmias), 20 (ischemic heart disease) and 21 (inher- 
ited heart diseases). 


Severe sinus bradycardia 


When pacemaker activity of the sinus node, or stimulus 
conduction from the sinus node to the atria, is dimin- 
ished, passive arrhythmias occur, such as sinus brady- 
cardia due to a decrease of automaticity and/or a 
sinoatrial block (see Chapter 17). In many situations— 
such as myxedema, the ingestion of drugs (beta blockers, 
some other antiarrhythmic agents) and ionic and meta- 
bolic disturbances—severe but often asymptomatic sinus 
bradycardia may be present. Some asymptomatic cases 
of inherited severe bradycardia (related to HCN4 ion 
channel mutation) have been reported (Nof et al. 2007). 
These cases are usually associated with a good progno- 
sis, and do not require pacemaker implantation in the 
long term. 

If there is a significant sinus bradycardia and symptoms 
are present (dizziness, syncope), a diagnosis of sick sinus 
syndrome is confirmed (Figure 24.1). The most important 
cause of sick sinus syndrome is idiopathic fibrosis of the 
sinus node, which appears more frequently in elderly peo- 
ple. It is also related to many heart diseases, especially 
ischemic heart disease. The effects of some drugs must be 
ruled out at all times (see above). Bradyarrhythmias due 
to sinus node disease (significant sinus automaticity 
depression and/or sinoatrial block) are not associated 
with severe symptoms if a normal junctional escape 
rhythm exists. Most of the symptoms are caused by other 
associated alterations: junctional automaticity depression 
(resulting in a slower escape rhythm) and/or atrioventri- 
cular (AV) block. If a normal escape rhythm exists, the 


25 mm/s 
10 mm/mV 


Figure 24.1 Holter recording from a patient with sick sinus 
syndrome. (A) Note that the escape rhythm is quite slow with 
some sinus captures. In the first and fourth T waves, a sinus P is 
probably concealed (see Figure 6.8). The last QRS escape complex 
is retrogradely conducted to the atria. (B) A pause >3.5s between 
the first and second ORS escape complexes. The last QRS complex 
is also conducted to the atria. (C) Junctional slow escape rhythm, 
with slow atrial retrograde conduction. 


patient could be virtually asymptomatic or have only mild 
symptoms (tiredness, mild dizziness). 

Sick sinus syndrome is frequently associated with 
supraventricular arrhythmias, which alternate with signi- 
ficant bradyarrhythmias (bradycardia—tachycardia syn- 
drome) (Figures 24.2 and 24.3). Indeed, patients with sick 
sinus syndrome often experience intermittent supraven- 
tricular arrhythmias, especially atrial fibrillation (AF), and 
marked or very marked pauses are frequently found at the 
end of these crises (Figure 24.2). If this occurs, evident 
symptoms may be present (presyncope or syncope, low car- 
diac output, paroxysmal dyspnea, etc.). In these cases, the 
immediate implantation of a pacemaker is recommended. 
The pacemaker has a dual effect: first, it prevents bradyar- 
rhythmia from occurring, and, second, if tachyarrhythmia 
episodes persist, an appropriate antiarrhythmic treatment 
may be safely administered to prevent future episodes. 

The implanted pacemaker should provide: (i) normal 
ventricular activation whenever possible, (ii) physiologic 
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Figure 24,2 A 65-year-old man with a normal baseline ECG (above) and a history of fainting falls. The ECG Holter recording showed a 


typical bradycardia—tachycardia syndrome (three bottom strips). 
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Figure 24.3 A characteristic ECG pattern of advanced interatrial block in a 60-year-old patient with Ebstein’s disease. Note that the P + is very 
wide in II, and in MI it is all negative because in this lead the first and last part of the P wave is isodiphasic. Thus, this may be confused with a 
junctional rhythm. The patient also suffers from frequent episodes of supraventricular tachyarrhythmia (2 x1 and 1 x 1) (see Figure 4.65). 


AV synchrony, and (iii) physiologic chronotropic com- 
petence (heart rate increase). This may be achieved 
with an atrial single-chamber pacemaker (AAI) when 
no AV block is present. However, as mentioned in 
Chapter 17, often a DDDR (universal dual chamber rate 
responsive) pacemaker is finally implanted. This occurs 
especially when there is uncertainty about the appear- 
ance of an AV block in the future. In addition, if the 
atrial electrode fails, pacing continues through the ven- 
tricular electrode (see Chapter 17, Choosing the best 
pacemaker). 


Advanced interatrial block with left 
atrial retrograde conduction (Figures 
24.3-24.5) 


This type of advanced interatrial block produces a + P 
wave in leads II, III, and VE, with a duration greater than 
0.12s (Bayés de Luna et al. 1985) (see Figures 9.16-9.22). 
This infrequent morphology (=1/1000 ECG taken in the 
University Hospital Sant Pau, Barcelona) is explained 
because right atrial activation has a craniocaudal sense, 
but the left atrium is activated retrogradely from the 
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Figure 24.4 In this patient with advanced interatrial block, both types of atrial tachyarrhythmias (atrial fibrillation) and atrial flutter 


are observed. 


mid-lower part of the septum. This retrograde activation 
of the left atrium occurs because the Bachman bundle 
zone, which is normally the way to cross the stimulus 
from the right to the left atrium, is blocked (see Figure 9.19). 
If the first part of the P wave has a very low voltage, due 
to atrial fibrosis the atrial wave seems negative in II, M, 
VE, mimicking a junctional rhythm (Figure 24.3). 

In the presence of this type of atrial block, the incidence 
of supraventricular tachyarrhythmias, especially atypical 
flutter, is very common (see Figures 9.22, 24.4, and 24.5) 
Bayés de Luna 1985, 1988). Therefore, it has been consid- 
ered that the combination of advanced interatrial block 
with left atrial retrograde conduction (P wave + in II, M, 
and VF) and supraventricular arrhythmias constitutes 
a new arrhythmologic syndrome (Daubert 1996; Bayés 
de Luna 1999). 

The clinical importance of this syndrome is because this 
interatrial conduction block is generally present in patients 
with advanced heart disease who usually do not tolerate 
well the appearance of fast supraventricular paroxysmal 
arrhythmias. Therefore, in patients with this type of P wave 
(P wave + in IL, IIL, and VF), may be advisible the administra- 
tion of an antiarrhythmic preventive treatment, if possible, 


amiodarone. This reduces the incidence of supraventricular 
arrhythmias considerably (Bayés de Luna et al. 1989). 


Intraventricular conduction 
disturbances 


High-risk bundle branch block 
A bundle branch block is a marker of bad prognosis in 
patients with heart disease, especially left bundle branch 
block (LBBB). The presence of LBBB, or even right bundle 
branch block (RBBB), in post-infarction patients with ven- 
tricular dysfunction/heart failure is a marker of higher 
risk of sudden death, and, in the case of LBBB, it is also a 
marker for all-cause mortality (Bogale et al. 2007). Patients 
with heart failure and LBBB who present with atrial fibril- 
lation have the worst prognosis (Baldasseroni et al. 2002; 
Vazquez et al. 2009) (see Chapter 15, Atrial fibrillation). 
The “de novo” appearance of an advanced RBBB in 
the course of a serious acute episode with precordial pain 
and/or dyspnea constitutes a marker of bad prognosis. 
This situation obliges us to consider a diagnosis of acute 
coronary syndrome or pulmonary embolism. Naturally, 
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Control group 


p < 0.0001 


Advanced inter-atrial 
block group 


Free of supraventricular tachycardias 


Follow-up 


Figure 24.5 Patients with advanced interatrial block and left 
atrial retrograde activation show many more supraventricular 
paroxysmal arrhythmias during follow-up when compared with 
patients from the control group with the same ECG and clinical 
characteristics (Reproduced with permission from Bayés de Luna 
et al. 1988). 


in the course of an acute coronary syndrome with ST 
segment elevation in precordial leads (STEMI), a RBBB 
pattern is observed when the left anterior descending cor- 
onary artery proximal to the first septal branch is occluded. 
This is the branch perfusing the right bundle (see Figure 
13.52) (Wellens et al. 2003; Bayés de Luna and Fiol 2008). 
Meanwhile, we may consider a diagnosis of pulmonary 
embolism when a new RBBB pattern occurs in patients 
with an acute episode in which the degree of dyspnea is 
more significant than that of precordial pain. In this case, 
the ECG may also show an ST segment elevation in differ- 
ent leads, as well as sinus tachycardia, apart from the 
advanced RBBB pattern. The presence of a new RBBB is 
indicative of a massive pulmonary embolism, and thus is 
associated with a very poor prognosis. The cause of death 
is not usually a primary arrhythmia, but rather a hemody- 
namic failure with progressive impairment of automatic- 
ity leading to cardiac arrest (see Figure 10.16). 

It is necessary to rule out that the RBBB pattern may 
be related to aberrant conduction in relation to sinus 
tachycardia (tachycardia-dependent block). In this 
case, the prognosis would not depend on the appear- 
ance of RBBB. Therefore, to determine the prognosis, it 
is important to know whether the patient had previ- 
ously had an intermittent RBBB related to an increase 
in heart rate. 


Combined intraventricular blocks 
of high risk 


The possibility of progression to advanced AV block in 
the case of bifascicular block type RBBB plus superoante- 
rior or inferoposterior hemiblock (SAH or IPH) is not very 
high (see Figures 11.50 and 11.54). Therefore, pacemaker 
implantation is not indicated in cases of this type of 
bifascicular block in the absence of symptoms and pro- 
longed PR interval. However, close follow-up is required. 


Classical masked bifascicular block (see 
Chapter 11) 
It is a special type of bifascicular block with a bad progno- 
sis. The diagnosis of masked bifascicular block is con- 
firmed when in the presence of a tall and wide R wave in 
V1 (the ECG is suggestive of advanced RBBB), no S 
wave is recorded in leads I and VL. The presence of 
extreme left axial deviation is explained by an associated 
superoanterior hemiblock (see Figure 11.51) (Bayés de 
Luna et al. 1989). At first glance, in an ECG of this type it 
seems that LBBB is present in the frontal plane (FP), 
whereas in the horizontal plane (HP), RBBB is observed. 
The fact that an R wave is recorded in lead V1 but no S 
wave is seen in leads I and VL is due to a significant left 
ventricular enlargement and/or associated conduction 
block in the left ventricular free wall. The final activation 
forces (see Figure 11.53) are not directed forwards and 
rightwards, as in the classic bifascicular block (Vector 1), 
but forwards and leftwards (Vector 2). The masked bifas- 
cicular block rarely occurs intermittently (García-Moll 
et al. 1994) (see Figure 11.52) (see legend). 

In these cases, prognosis is poor regardless of whether 
a pacemaker is implanted or not (Bayés de Luna et al. 
1989) because this type of block is usually detected in 
patients with advanced heart disease. Hence, the diagno- 
sis in itself is a marker for poor prognosis. 


Masked RBBB pattern in presence 

of advanced LBBB pattern 

Masked RBBB in a patient with an LBBB ECG pattern may 
be diagnosed if there is an QR pattern in VR and high V1. 
In presence of heart failure (HF), these images may be 
explained by delayed activation of basal part of right 
ventricle (RV) (Van Bommel 2011). In the absence of HF 
this is probably explained by associated truncal partial 
RBBB pattern. 


RBBB with alternating block in the two 
divisons of the left bundle 

In 1968, Rosenbaum described a type of intraventricular 
block that could lead to sudden death and that required 
urgent pacemaker implantation. Several consecutive 
ECGs showed RBBB and anterosuperior block, alter- 
nating with RBBB with posteroinferior hemiblock 


(Rosenbaum et al. 1968) (see Figure 11.56). This diagnosis, 
which usually has evident clinical characteristics (dizzi- 
ness, near-syncope, etc.), is named Rosenbaum-—Elizari 
syndrome (Bayés de Luna 2011). Pacemaker implan- 
tation may resolve the problem and improve patient 
outcome. In the absence of advanced underlying heart 
disease, the prognosis can be excellent. 


Alternating bundle branch block 

In this case, the ECG alternatively shows the ECG pattern 
of LBBB and RBBB, with or without associated hemi- 
blocks, in the same patient (see Figure 11.49). 

In most cases the patient presents with symptoms (diz- 
ziness, syncope), and it is necessary to implant a pace- 
maker as soon as possible because of the potential risk of 
complete AV block and sudden death. After the pace- 
maker is implanted, patients may have a good prognosis 
in the long-term follow-up when the block is due mainly 
to the involvement of the specific conduction system. 


Advanced atrioventricular block 


Obviously, the presence of an acquired AV block requires 
pacemaker implantation in most cases. There may be 
exceptions, such as cases of AV block due to a reversible 
cause (ischemia, toxic substances, drugs, etc.). 

The implantation of a pacemaker for congenital AV 
blocks is a questionable procedure. This condition is 
already present at birth, often related to a systemic dis- 
ease of the mother during pregnancy (presence of Ro/ 
SS-A and La/SS-B antinuclear antibodies in the mother’s 
blood), which results in fetal myocarditis involving the 
specific conduction system. Using fetal kinetocardiogra- 
phy, it has been demonstrated (Rein et al. 2009) that 10% of 
fetuses whose mothers carried these antibodies experi- 
enced first-degree AV block at 20-30 weeks’ gestation. 
When dexamethasone was prescribed, AV conduction 
was normalized and the infant showed no AV block or 
evidence of heart disease at birth. This type of AV block 
has sometimes been found in different members of the 
same family, although its genetic origin has not been 
demonstrated to date. 

Immune-mediated cardiomyopathy has been recog- 
nized in infants born of mothers with antinuclear anti- 
bodies. The natural history of patients with isolated 
congenital AV block that requires pacing, depends on 
their antibody status. If it is positive, it has been demon- 
strated that it is a predictor of heart failure and death. The 
cases with negative antibody status in a long follow-up 
have a survival free of new heart failure after pacemaker 
implant (Sagar et al. 2010). 

Patients with advanced congenital AV block have a cer- 
tain risk of sudden death. Although it is difficult to decide 
the best moment to implant a pacemaker, the tendency is 
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to recommend pacemaker implantation even in the 
absence of symptoms if the escape rhythm is very slow 
(Friedman 1995). 

Pacemaker implantation is usually not indicated dur- 
ing childhood: (i) if the baseline rate is 250bpm with a 
narrow escape rhythm, (ii) if the nighttime rate (Holter 
recording) is never <30-35 bpm with a mean 24-hour ven- 
tricular rate >45-50 bpm, (iii) if the heart rate during an 
exercise test is > 100 bpm, (iv) if there is no lengthening of 
the QT interval, and (v) if there are no important ventricu- 
lar arrhythmias (see Figure 17.15). If the previously men- 
tioned parameters worsen during follow-up, or if the 
patient becomes symptomatic, pacemaker implantation 
is recommended (Figure 24.6). 


The presence of ventricular 
arrhythmias in chronic heart 
disease patients 


The presence of premature ventricular complexes (PVCs) 
in the surface ECG in patients with chronic heart disease, 
especially ischemic heart disease, indicates that probably 
they are occurring frequently. In this case, Holter record- 
ing and exercise testing to establish their characteristics is 
recommended. In fact, the presence of any PVC in a rou- 
tine 10s ECG in patients with moderate heart failure is a 
powerful predictor of cardiovascular mortality (Van Lee 
et al. 2010). 

PVC morphology may sometimes suggest the 
presence of necrosis (QR pattern, for example) (see 
Chapter 15, Premature ventricular complexes). It may 
even be more sensitive than sinus QRS complexes (ST 
depression) in detecting ischemia (Rasouli and Ellestad 
2001) (see Figure 20.33). 

PVCs associated with poor prognosis include: 

e PVCs occurring in patients with acute ischemia, mainly 
with the R/T phenomenon, as they may trigger ventricu- 
lar fibrillation (VF) (see Figures 16.31 and 17.33b); 

e PVCs occurring frequently or repetitively, especially in 
the presence of advanced heart disease and poor ventricu- 
lar function mainly in post-infarction patients, as they 
may lead to sustained ventricular tachycardia (VT) and 
sudden death (see Figure 16.34A); 

ePVCs with a “q” (OR especially with symmetrical 
T wave), which are more often found in patients with 
associated necrosis and/or a low ejection fraction (dilated 
cardiomyopathy) and, therefore, have a poor prognosis 
(see Figure 16.6); 

e very wide and notched PVCs > 40 ms (see Figure 16.6); 

e PVCs that may show more marked repolarization altera- 
tions (ST depression) indicative of ischemia during an 
exercise testing when compared with QRS complexes of 
the sinus rhythm (see Figure 20.33) (Rasouli and Ellestad 
2001) (see above). 
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Figure 24.6 A 12-year-old child with congenital complete atrioventricular (AV) block and no heart disease in whom the following findings 
were observed. (A) At rest, the heart rate, which was always greater than 60 bpm, now decreased to 45 bpm; (C) during the exercise stress 
testing, it did not exceed 80 bpm; and (B) at night (Holter), it frequently decreased to <35bpm. These findings, along with the occurrence 


of exercise dyspnea, suggest pacemaker implantation. 


Sustained VT in patients with heart disease is associ- 
ated with a bad outcome. In cases showing a low ejection 
fraction and in patients with inherited heart diseases (see 
Chapters 21 and 22), ICD therapy is usually advisable 
(Bayés de Luna 2011). The cases of sustained VT in patients 
without apparent heart disease, if repetitive, must also be 
considered serious cases. New episodes should be first 
prevented either with pharmacologic treatment or abla- 
tion (Bayés de Luna 2011). 


Acquired long QT (see Chapters 7 
and 19) 


The acquired long QT interval is more frequent than 
congenital long QT syndrome. Frequently, there is an 
evident cause, but a genetic predisposition may also exist. 
Acquired long QT syndrome usually shows a heterogene- 
ous repolarization dispersion, as does congenital long QT 
syndrome (see Figure 14.19), which is the triggering factor 
of torsades de pointes VT /VF. However, on certain occa- 


sions, such as with amiodarone administration, the pro- 
longation of repolarization is homogeneous and the long 
QT is not associated with a potential risk of arrhythmias. 

Table 24.1 shows the most important predisposing fac- 
tors for long QT syndrome, including other ECG altera- 
tions, which may foster VIT/VF. The ECG premonitory 
signs of TP/VF have already been described. They occur 
in patients with bradyarrhythmia, usually with an ionic 
imbalance and/or the administration of some drugs 
(Drew et al. 2010) (Chapter 16, Polymorphic ventricular 
tachycardia: Torsades de pointes). 

The TP/VF may be seen in different inherited (hyper- 
trophic cardiomyopathy, channelopathies, etc.) and acquired 
(dilated cardiomyopathy, ischemic heart disease and others) 
heart diseases, and also as a consequence of septic, toxic, or 
metabolic shock or associated significant ionic imbalance, 
and after the administration of certain drugs that may 
induce abnormal lengthening of QT (see Table 24.2). The 
risk of developing VT/VF is evident when drugs lengthen 
the QT interval > 60ms and/or QTc is >500ms. A QT length- 
ening >30ms is already considered pathologic. 


Table 24.1 Predisposing factors for QT interval prolongation 


e Heart disease: Ischemic heart disease, heart failure, etc. 

e ECG alterations: baseline prolonged OT, abnormal U wave, T wave 
alternans, deep and negative T wave, significant bradycardia 

e Acute neurological accidents 

e lonic and metabolic alterations: diabetes, anorexia, hypoglycemia, 
hypothyroidism, obesity 

e Septic shock 

e Female sex 

e Advanced age 

e Hypothermia 

e Intoxications 


Table 24.2 Drugs associated with QT prolongation and 
potential arrhythmogenic risk (for more details, please consult 
www.qtdrugs.org) 


Generally, types | and III. Also recently 
studied drugs (azimilide, ibutilide). 
Propafenone is probably less risky, in the 
absence of heart failure 

A drug with less antiarrhythmic effect, 
despite the fact it significantly prolongs the 
QT interval, is amiodarone and dronadorone 
(see text) 

Type Il and IV drugs are safe 

Azithromycin, clarithromycin, erythromycin 
Ciprofloxacin, levofloxacin, etc. 
Amitriptyline, disopyramide, fluoxetine, 
imipramine, paroxetine, etc. 

Haloperidol, risperidone 

Terfenadine (withdrawn) 

Cisapride (withdrawn) 


Antiarrhythmic drugs: 


Macrolide antibiotics: 
Fluoroquinolones: 
Antidepressants: 


Antipsychotics: 
Antihistaminics: 
Digestive tract: 


In most of these cases, long QT syndrome is due to the 
inhibition of the K currents (Iy I) by drugs, leading to 
repolarization delay. This may explain some cases of 
sudden death. Torsades de pointes VT in a drug-induced 
long QT syndrome usually takes place after the occur- 
rence of a premature complex, followed by a long pause, 
which is similar to what happens in the LQT2 syndrome 
(Kirchhof et al. 2009; Drew et al. 2010) (see Chapter 21, 
Long QT syndrome). 

Due to the potential risk that certain drugs may 
lengthen the QT interval and initiate arrhythmias such as 
torsades de pointes VT, drug agencies (FDA, EMEA) now 
carefully examine a new drug’s potential to increase dis- 
persion of repolarization, especially when it concerns the 
effect on HERG channels (i.e. QT interval). Cases of sud- 
den death that occurred with two apparently harmless 
drugs (cisapride and terfenadine) are especially relevant. 
As already mentioned, Table 24.2 shows some of the 
drugs that most frequently prolong the QT interval and 
which have been shown to cause torsades de pointes VT. 

We should remember that the CAST trial (Echt et al. 
1991), which assessed the efficacy of different antiarrhyth- 
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mic drugs (including flecainide and quinidine) for the 
prevention of post-infarction sudden death, had to be 
stopped because more cases of sudden death were 
observed in the active treatment group than in the control 
group. Meanwhile, the majority of the new antiarrhyth- 
mic agents studied (azimilide, dofetilide, and ibutilide 
and recently dronedarone) are not widely used due to the 
associated side effects, especially the risk of VI/VF and/ 
or depression of LV function hepathotoxicity (dronador- 
one), etc. In this sense, amiodarone is the safest pharma- 
cologic treatment to prevent TV/VF recurrences. More 
information on this subject may be obtained at www. 
qtdrugs.org. 

The use of a long QT interval as a marker of poor prog- 
nosis in post-infarction patients is controversial, although 
more results supporting this hypothesis have been pub- 
lished (Schwartz and Wolf 1978). Recently, it has been 
reported (Chugh et al. 2009) that an abnormally long QT 
increases the risk of sudden death fivefold in chronic 
ischemic heart disease patients. 

We have also reported that post-infarction patients 
showing QT peaks >500ms in a Holter recording have a 
poor prognosis (Homs et al. 1997). 

In all these cases, the QT interval, although long, does not 
reach the values observed in congenital long QT interval 
syndrome, nor those related with certain significant ionic or 
metabolic alterations, such as septic shock (Figure 24.7). 
Furthermore, other repolarization alterations (i.e. abnormal or 
alternating T wave morphology) that may exist in congenital 
long QT are usually not found in cases of acquired long QT 
(Kirchhof et al. 2009) (see Figure 21.10 and Tables 21.4-21.6). 


Electrical alternans (see Table 18.1 
and Figure 18.9) 


Concept 

This is characterized by a beat-to-beat alternans of ECG mor- 
phology on an every-other-beat basis. Electrical alternans 
occurs when the changes of QRS-T are due to myocardial 
intrinsic changes, or at least are not explained by periodic 
changes in ventricular activation, or they are not due to a 
coincidence with the periodic presence of some arrhythmia. 
The latter may refer to pseudo-alternans (see Table 18.1). 


ORS alternans 

We have already discussed (see Chapter 18, QRS com- 
plexes of variable morphology) that QRS electrical alter- 
nans may be seen in sinus rhythm in cases of cardiac 
tamponade and during a narrow AV junctional reentrant 
tachycardia with an accessory pathway. Cases that may 
be considered pseudo-alternans are: (i) bigeminal PVC in 
the PR interval, (ii) alternans pre-excitation, and (iii) alter- 
nans bundle branch block. 
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Figure 24.7 A 58-year-old patient hospitalized in an intensive care unit due to sepsis with a very pathologic ECG (A) with a long QT 
interval and deep negative T wave in anterior and inferior leads. The coronarography showed a normal pattern, whereas the ionogram 
showed hypokalemia and hypomagnesemia. The patient also showed runs of torsades de pointes ventricular tachycardia (VT), which led 
to ventricular fibrillation (VF) (B). Once the clinical and ionic alterations were solved, the QT interval was normalized and the ECG showed 
only a flat and somewhat negative T wave in inferior leads and in V4-V6 (C). 


Repolarization alternans 

Cases of repolarization electrical alternans are associated 
with a higher risk of developing VT/VE. It has been sug- 
gested that microscopic T wave alternans is a risk marker 
of sudden death in post-infarction patients (Rosenbaum 
et al. 1994; Nieminen and Verrier 2010), and in other situ- 
ations. Here we will refer to the cases in which these elec- 
trical alternans are visible in the surface ECG. In our 
experience there are three well-defined clinical situations 
that show evident ST/T alternans in the surface ECG 
accompanied by VT/VF: 


eT wave alternans sometimes precede a torsades de 
pointes VT episode in patients with long QT syndrome 
(see Figure 18.7C); 

e T wave alternans associated with an acquired long QT, 
as observed in cases of shock and/or significant ionic 
disorders (see Figure 18.7D); 

eST/T alternans indicative of severe and hyperacute 
ischemia, as observed in cases of acute coronary syn- 
drome involving a large ischemic area and also in cases 
of severe coronary spasm of a proximal artery (see 
Figure 18.7B). 


Table 24.3 J wave syndromes: similarities and differences 
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Inherited Brugada Acquired Hypothermia- 
ER pattern | ER pattern II ER pattern Ille syndrome Ischemia-mediated VI/VF mediated VT/VF 
Leads displaying J l, V4-V6 Inferior and V1-V3 Any of the 12 leads N/A 
point/J wave sometimes 
abnormalities inferolatera 
leads 
Global 
Anatomic location of Anterolateral left Inferior LV Left and right Right ventricle L and R ventricles L and R ventricles 
ECG alterations ventricle ventricles 
Possibility of VF In marginal cases Higher risk Yes Probably Yes Yes Yes 


specially in some 
cases (see text) 


Commonly seen in 
healthy men and 
athletes 


Adapted with permission from Antzelevitch and Yan (2010). 


Brugada variant 


aAccording to some data reported in Antzelevitch paper these cases may correspond to a variant of Brugada syndrome. 


ER: early repolarization; VF: ventricular fibrillation; VT: ventricular tachycardia. 


New ECG patterns of risk 
for sudden death 


Early repolarization pattern 

The early repolarization (ER) pattern was defined as a 
positive and sharp notch (J wave) or slur at the end of 
ORS /beginning of the ST segment, with some elevation 
of ST (Myazaki 2010). Tikkanen et al. (2009) also include 
all cases of J point elevation (>1-2 mm) that were either a 
notched (clear positive J deflection inscribed on the S 
wave-typical early repolarization pattern) or a “slurred” 
pattern in at least two consecutive leads, in the concept of 
early repolarization pattern. 

The typical early repolarization pattern occurs in 2% of 
population without acute disease and is usually seen at 
the end of the positive QRS complex, especially in mid- 
left precordial leads, but may also be seen in inferior (II, 
II, VF) and lateral (V5, V6, I, VL) leads. Sometimes J wave 
and slurs may be seen without ST segment elevation and 
have been considered part of QRS complex (late depola- 
rization not early repolarization). Therefore, recently 
Surawicz and Macfarlane (2011) considered that the early 
repolarization term is not the most appropriate to describe 
this notch or deflection at the end of ORS. 

It has been postulated that the mechanism of the 
early repolarization pattern occurs at the beginning of 
repolarization process, and is the consequence of a 
transient dominant I „ current. When compared with 
the Brugada syndrome, however, this I,, current is not 
accompanied by a decrease in an inward Na current, and 
occurs in all myocardium, not only in the right ventricle. 
The J wave of hypothermia has similar origin but is of a 
higher intensity. Recently, it has been reported that some 
transient early I, currents may participate in the genesis 
of ST segment elevation in cases of STEMI, and in the trig- 
gering of VF in acute myocardial ischemia (Yan et al. 2004). 


The first case study demonstrating that early repolari- 
zation pattern (J point elevation or J wave >1mm, espe- 
cially in inferior leads) found a higher prevalence among 
patients with a history of idiopathic VF was published by 
Haissaguerre and colleagues in 2008 (Haissaguerre et al. 
2008). The subjects were mostly men with a mean age of 
35 years. Characteristically, PVC origin was concordant 
with the location of the J wave, (usually J waves in inferior 
leads and PVCs with negative QRS in the same leads), 
and usually a clear accentuation of early repolarization 
pattern (J wave) appeared before the final event 
(Figure 24.8). Similar results were obtained by Rosso et al. 
(2008) and Merchant et al. (2009). 

Recently (Tikkanen et al. 2009), the prognostic signifi- 
cance of the early repolarization pattern (J point eleva- 
tion) in the general population has been studied. It has 
been shown that an early repolarization pattern in infe- 
rior leads, especially if 22mm, is associated with risk of 
death from cardiac causes (P < 0.001) and from arrhyth- 
mias (P<0.01) in middle-aged subjects (mean age 
45 years). However, the absolute risk of death is very 
small in cases with a J point <2mm. Death from cardiac 
causes occurs late after the baseline ECG. The survival 
curves started to diverge 15 years after the first ECG, 
whereas in primary VF studies (Haiseguerre 2008) this is 
most commonly observed in younger patients. It is pos- 
sible that the early repolarization pattern increases vul- 
nerability to fatal arrhythmia in the presence of acute 
ischemic attack, which is the first cause of death at this 
age in the Finnish population (Tikkanen et al. 2009). It has 
recently been suggested (see above) that in early acute 
STEMI, phase 2 reentry caused by loss of dome of epicar- 
dial transmembrane action potential is related to the 
transient outward potassium current (I,,) that occurs dur- 
ing ischemia and can produce an R-on-T PVC, triggering 
VF (Yan et al. 2004). 
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Figure 24.8 Example of an early repolarization pattern in a healthy 40-year-old man. Note the mild pattern (J wave <1mm), seen 
particularly in the intermediate left precordial leads. This corresponds to a benign pattern. Early repolarization pattern seen especially 
in inferior leads with a J point of 22mm corresponds to a dangerous pattern (see Figure 7.15). 


Antzelevitch and Yan (2010) include early repolari- 
zation patterns in the term “J wave syndromes.” This 
term encompasses all syndromes related to an abnormal J 
wave: inherited (Brugada syndrome and three types of 
early repolarization syndromes) and acquired (ischemia- 
mediated VT/VF and hypothermia-mediated VT/VF). 
The early repolarization pattern and the Brugada 
syndrome may be related to the dominant and transient 
outward potassium current I. Table 24.3 summarizes the 
most important clinical differences between all these syn- 
dromes according to the Antzelevitch hypothesis. At first 
glance, it would seem that the early type III repolarization 
patterns of this table represent a variant of Brugada syn- 
drome, and that type II patterns may be also considered 
dangerous, especially if appearing in inferior leads and J 
point >2mm and/or the amplitude changes abruptly. 
More information is needed to draw specific conclusions 
about risk when looking at an ECG with an early repolari- 
zation pattern. What we need to do is: (i) to check the volt- 
age and location of the pattern and also if the pattern is 
fixed or changes abruptly, (ii) to know the family history, 
including personal antecedents of syncope or severe 
arrhythmia, and (iii) to be sure about the technical aspects 
of the ECG recording. It is surprising, for example, that 
the early repolarization pattern virtually disappears when 
a 40 Hz low-pass filter is used (Garcia-Niebla et al. 2009) 
(Figure 24.9). 


Figure 24.9 A 40-year-old man with a typical early repolarization 
pattern with small J wave. It should be noted that the low-pass 
filter at 40 Hz may cause it to disappear. 


At present, epidemiologic evidence suggests that the 
presence of an early repolarization pattern in young 
adults without family history of sudden death increases 
the risk of VF from 4.5/100000 to 11/100000 (Rosso et al. 
2008). This is a negligible difference. Therefore, the inci- 
dental finding of an ER pattern (J wave) during screen- 
ing without the specific signs already shown (see before) 
should not be interpreted as a marker of increased risk. 
This is reassuring information, both for physicians and 
patients. This benign prognosis of concave upward ST 
elevation with J wave or slurring in asymptomatic ambu- 
latory population has been recently strongly reasserted 
(Uberoy 2011). 


Other ECG patterns 

It has also been suggested that a tall and narrow QRS 
complex with a certain degree of repolarization alteration 
that is generally non-significant could be a marker of 


IDT 
29.10 ms 


> < 


R wave 
2.34 mV 


Figure 24.10 High-voltage QRS complex with abrupt peak 
of R wave. IDT: intrinsicoid deflection time (Reproduced with 
permission from Wolpert C, Veltmann C, Schimpf R, et al. 2008). 


sudden death (Wolpert et al. 2008) (Figure 24.10). This 
possible association requires further investigation. 

Finally, Aizawa et al. (1993) describe the occurrence of 
idiopathic VF in patients with bradycardia-dependent 
intraventricular block, and Iturralde et al. (2008) also 
show the association between intraventricular blocks 
and VT in children (see Chapter 21, Other possible 
channelopathies). 


Risk of serious arrhythmias and sudden 
death in patients with normal or 
nearly normal ECG 


We would like to emphasize that a normal ECG does not 
exclude the presence of advanced heart disease or the risk 
of sudden death. On the one hand, we see the possible 
existence of an undiagnosed channelopathy or an idio- 
pathic VF, as already discussed. On the other hand, it is 
not possible to know when a heart disease patient with a 
normal ECG will show a significant electrical instability 
leading to a high risk of sudden death. This is due to a 
combination of factors. The ECG does not allow us to 
determine when a patient has a vulnerable plaque likely 
to break and trigger an acute coronary syndrome, or when 
a subtle repolarization abnormality may represent a real 
danger in an asymptomatic patient. These cases show the 
limitations of ECG. We should, however, remember that 
we can get a great deal of information from the ECG if we 
are able to identify subtle alterations, such as flat or a not- 
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very-deep negative T wave in leads V1 to V3-V4, which, 
although not posing a risk by itself, may be significant, 
especially if compared with previous ECGs. 

We would also like to emphasize that in the presence of 
precordial pain, normal or nearly normal ECGs, or an 
unchanged ECG (compared with previous ECGs), should 
not lead us to rule out the presence of an acute coronary 
syndrome. The changes may be minor and go unnoticed 
(see Figure 20.16). For this reason, successive ECG 
recordings are necessary to carefully evaluate how the 
apparently normal morphologies evolve, especially the 
tall T waves in leads V1-V2, as they may be the manifesta- 
tion of a hyperacute phase of an acute coronary syndrome, 
eventually evolving into an infarction with ST elevation 
and a pathologic Q wave (STEMI), triggering VF. 

Patients with a normal ECG may also suffer from other 
conditions (aortic rupture, pulmonary embolism, etc.), 
which may lead to sudden death (Bayés de Luna 2011). 

To summarize, we may say: (i) that apparently normal 
ECGs may, in fact, demonstrate the presence of poten- 
tially dangerous pathologies (long or short QT syndrome, 
spongiform myocardiopathy, Brugada syndrome, early 
repolarization, etc.), and (ii) the correlation of the clinical 
data with previous ECGs, as well as a detailed analysis 
of family history, will help to determine the significance 
of apparently normal ECG morphologies. In the short 
term, the presence of a wide and high T wave in leads 
V1-V2, especially if the ST segment is rectilinear or 
slightly depressed, could be a manifestation of the hyper- 
acute phase of an acute coronary syndrome. Thus, the 
interpretation of the ECG, taking into account the clinical 
setting, is very important (see above). 
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Chapter 25 


Limitations of the Conventional ECG: 
Utility of Other Techniques 


Introduction 


Throughout this book we have discussed the value of the 
conventional surface ECG for the diagnosis of heart dis- 
eases in different situations. We have emphasized the 
need for a comprehensive approach to diagnosis, to 
always perform the interpretation of the surface ECG in 
light of the patient’s clinical setting. This approach is 
essential and sufficient in many cases, but in other cir- 
cumstances, as demonstrated, it may not provide the nec- 
essary information for the correct diagnosis with the 
highest sensitivity, specificity, and overall predictive 
value. Furthermore, it is often not sufficient for risk strati- 
fication and for arriving at therapeutic decisions. For that, 
the use of other diagnostic techniques may be necessary. 
We will now make some comments about the importance 
of the clinical context for ECG interpretation, and later we 
will briefly describe the utility of other electrocardiologic 
techniques. 


Interpretation of the surface 
ECG in light of the patient's 
clinical setting 


As discussed throughout the text, the following exam- 
ples illustrate the need to use information related to 
the patient’s clinical setting for the interpretation of 
the ECG: 

e The importance of premature ventricular impulses is 
strongly related to the patient’s clinical characteristics 
(see Chapter 16). 

e The correlation of the voltage of ECG complexes with left 
ventricular enlargement (LVE) is related to the presence of 
anatomic LVE according to Bayés” theorem and other 
characteristics (see Chapter 10). 

e The various patterns of bundle branch block have vari- 
ous prognostic and diagnostic implications according the 
clinical setting (Chapters 11 and 20). 


e For the differential diagnosis of a tachycardia with a 
wide QRS, the presence of underlying structural heart 
disease suggests the ventricular origin (see Chapter 16). 

e The prognosis for a ventricular tachycardia is related 
more to the patient’s clinical setting than the ECG 
morphology (see Chapter 16). 

e With precordial chest pain, a normal ECG (or an ECG 
with minimal repolarization changes) does not exclude 
an ischemic origin (see Chapters 13 and 20). 

e The importance of most repolarization changes (e.g. 
ST shifts/T wave inversion) should be evaluated in rela- 
tion to the clinical setting. In the absence of underlying 
heart disease they may be non-specific or unimportant. 
However, it is necessary to first rule out their relation to 
ischemic heart disease or other diseases (see Chapter 13). 


Additional value of other techniques 


We will briefly discuss different techniques that may help 
us when the information derived from the clinical setting 
and conventional ECG are not sufficient to arrive at correct 
diagnosis, projecting the prognosis and/or developing a 
therapeutic approach in each case. 

We will assume that the reader is familiar with the most 
important features of each technique. However we will 
give now brief discussion on the most widely used. 


Unified interpretation of the ECG: 
Computerized interpretation and the use 

of ECG classification systems 

We made some comments about computerized ECG 
interpretation systems in Chapters 3 and 10. More infor- 
mation on that is beyond the scope of this book. 

With regard to the ECG classification systems, the most 
widely known are the Minnesota Code (MC) (Figure 25.1) 
and the Novacode (Nova). Both are valuable and useful for 
clinical trials and epidemiological studies (Zhang et al. 
2011). For more information about computers and classifica- 
tion systems, please consult Macfarlane and Lawrie (2010). 


Clinical Electrocardiography: A Textbook, Fourth Edition. Antoni Bayés de Luna. 


© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd. 
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Figure 25.1 An ECG interpretation using the Minnesota Code: 1.1. 7 (sign of necrosis); 2.1, frontal plane axis —30°, 5.1, repolarization 
disorder; negative T wave; 8.8, sinus bradycardia. In this case, our interpretation would be: sinus bradycardia, old anteroseptal myocardial 
infarction with inferior extension, anterolateral subepicardial ischemia, and mild inferolateral subepicardial injury. 


A 


Figure 25.2 (A) Orthogonal leads with the corresponding vectorcardiographic (VCG) loop and its projection on the frontal, horizontal, 
and right sagittal planes. (B) Normal VCG corresponding to ECG of C. At a sensitivity of 4, the P and T loops are poorly seen and the entire 
QRS loop is clearly visible (upper part of B). In the middle and lower panels of B, the P and T loops with the respective onset and end of 
the QRS loop with amplified sensitivity may be seen. 


Vectorcardiography (Figures 25.2 and 25.3) (ORS loop), and ventricular repolarization (T loop) 
Vectorcardiography (VCG) is a technique that records loops. VCG curves originate from X, Y, and Z leads 
the cardiac electrical activity as closed loops: the atrial (Figure 25.2A), which are three orthogonal leads that 


depolarization (P loop), ventricular depolarization are perpendicular to each other. The X lead is right-left 
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Figure 25.3 Normal morphologies, rotation, and orientation of the P, QRS, and T loops in three planes: frontal (A), horizontal (B), and 
sagittal (C). The QRS loop in the frontal plane may have clockwise rotation with an upward initiation (sometimes it forms a figure-of-eight) 
or, less often, counterclockwise rotation with an inferior onset. The latter is seen especially in obese subjects. EO = P loop; OJ = QRS loop; 
JE = T loop. The onset of the ST vector begins at point E, and the termination, at point J. 


(similar to lead 1), Y is supero-inferior (similar to VF), 
and Z is postero-anterior (similar to V2). These leads are 
generally recorded with the Frank system by means of 
different electrodes located on various points of the 
body. Inscription of the curves is done with a preampli- 
fier system that magnifies the voltage of the currents 
coming from the heart through the lead systems, and a 
cathodic X-ray tube by which the vectorcardiographic 
curve is seen. 


VCG machines interrupt the current every 5ms, 
2.5ms, or 1ms using an oscillator; the VCG continuous 
curves are thus divided into tears or comma-shaped 
fragments, the head of which represents the direction of 
the electrical current (Figure 25.2B). Figure 25.2C shows 
the ECG morphology that corresponds to the VCG of 
Figure 25.2B. We draw the loops as continuous lines 
when we use the VCG curves to aid in the comprehen- 
sion of the ECG. 
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e To better study atrial activity, as the P loop may be amplified 


e To confirm the presence of preexcitation when it is not clear on the surface ECG 


Table 25.1 Classical clinical 
usefulness of vectorcardiography 
(see text) 


e For better evaluation of intraventricular conduction disorders and repolarization alterations 
e For improved diagnosis of certain types of necrosis and the association of necrosis and left bundle 


branch block 


e As a useful non-invasive tool (continuous VCG recording) for detecting effective reperfusion after 


thrombolytic treatment 


Characteristics of different loops 

e P loop: The normal morphology, rotation, and orienta- 
tion of the P loop are shown in Figure 25.3. This loop 
starts in point E and finishes in point O of the figure. 

e ORS loop: This loop begins at point O and terminates at 
point J, where the T loop begins. The normal morphology, 
orientation and rotation of this loop are shown in 
Figure 25.3. The intermediate part is inscribed more rap- 
idly. Three zones can be distinguished: the Q loop (initial 
vectors), R loop (intermediate vectors), and S loop (termi- 
nal vectors). The QRS loop has a centrifugal or efferent 
part, and a centripetal or afferent part. 

e T loop: This loop extends from point J to point E. The 
centrifugal branch is inscribed more slowly. The loop is 
usually twice as long as it is wide. Figure 25.3 shows the 
normal morphology, orientation, and rotation of the 
T loop on three planes. 


Usefulness of vectorcardiography 
Vectorcardiography is useful both as a clinical and teach- 
ing tool, especially for training in electrocardiography. 
Electrocardiography should be integrated with VCG, as 
described in this text; one should be able to deduce ECG 
morphology from the VCG curve, and vice versa. 

Table 25.1 shows the classical usefulness of VCG 
(Benchimol et al. 1972). However, currently the clinical 
utility of vectorcardiography has progressively decreased, 
and as we have explained in Chapter 3 with the correla- 
tion of the morphology of the loops with the hemifields 
and ECG curves, most of the advantages of VCG loops 
may be found in the surface ECG. In recent years the 
possible usefulness of spatial QRS-T angle for risk strati- 
fication and some other utilities of VCG have been 
described. However the most important contribution of 
VCG nowdays is its use, as we have done in this book, for 
teaching purposes (see Chapter 3). 


Exercise testing (Figures 25.4 and 25.5) 
Exercise is considered isotonic or dynamic when several 
muscle groups alternately contract and relax, as in run- 
ning, and isometric or static, when few muscle groups 
contract for more prolonged periods against a fixed 
force, as in weightlifting. Isotonic exercise such as that 
on a bicycle or treadmill is the most appropriate form of 
exercise to assess cardiac functional capacity in health 
and disease. 


Exercise testing represents more than the establish- 
ment of ECG changes during exercise. Hemodynamic 
or metabolic (O, consumption, quantity of exercise, 
changes in blood pressure, and heart rate, etc.) and 
clinical changes (presence of anginal pain, dyspnea, 
etc.) should also be evaluated. 


Methodology 

The bicycle and treadmill are equally useful for exercise 
testing. There is no ideal protocol, but the Bruce protocol is 
the most widely used (Table 25.2). The following general 
principles should be taken into account: (i) The intensity 
of exercise should be increased gradually, not suddenly. 
Increments are generally made at a minimal interval of 3 
minutes. (ii) Patients should be monitored for symptoms 
(precordial pain, etc.), ECG changes, and hemodynamic 
changes (blood pressure and heart rate) during the exer- 
cise and for at least 6-8 minutes after the test. (iii) Exercise 
should not be stopped abruptly. Exercise capacity is 
described using the product of heart rate and blood pres- 
sure, which is the so-called double product. 

A submaximal exercise test (85-90% of theoretical maxi- 
mum heart rate for the patient’s age and sex) is adequate for 
clinical purposes and is much easier to perform for patients 
with ischemic heart disease. Metabolic equivalents (METS) 
(multiples of basal metabolic requirements) are used to 
express the work performed at different stages of the exer- 
cise test. In patients with ischemic heart disease, a workload 
of 8 METS is usually sufficient to evaluate angina. Healthy 
sedentary individuals do not usually exceed 10-11 METS, 
while athletes usually achieve more than 16 METS. 

The exercise testing should be interrupted when: 
(i) significant symptoms or arrhythmias appear, 
(ii) significantly abnormal ST segment changes are 
detected, or (iii) the target heart rate is reached. 


Usefulness 
Exercise testing is very useful in patients with ischemic 
heart disease to arrive at the diagnosis, to evaluate 
functional capacity, and to monitor the response to 
treatment. It can also be useful in other heart diseases 
and in the evaluation and assessment of cardiac arrhyth- 
mias. The most important indications and contraindica- 
tions of exercise testing are listed in Tables 25.3 and 25.4. 
The most important indication is to determine the 
presence of ischemia (positive test) in patients with 
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Figure 25.4 Six examples of exercise ECG-thallium scintigraphy correlation (S = exercise image, R = redistribution image). (A) Positive 
exercise testing in an asymptomatic patient with negative thallium and normal coronary angiography. (B) Patient with exercise angina, 
with a negative exercise test and stress images showing a mild defect in the lower septum, with complete redistribution. (C) A patient with 
an inferolateral infarction with a positive exercise test and exercise thallium image showing an inferolateral defect without redistribution. 
(D) Patient with angina, with a positive exercise test from V2 to V6 and 1, 11, VL, and thallium images showing an inferolateral defect with 
complete redistribution. (E) Patient with anterior myocardial infarction, without significant change in exercise testing. The thallium images 
show the existence of an anteroseptal defect without redistribution and marked dilatation of the left ventricle. (F) Patient with inferolateral 
myocardial infarction, with a positive exercise test in the lateral leads. Thallium images show an inferoposterolateral defect with only 
lateral redistribution (positive for inferoposterior necrosis and lateral ischemia). 


dubious precordial pain and in post-infarction patients 
to stratify prognosis. The combination of the appear- 
ance of anginal pain or other clinical or hemodynamic 
signs (Table 25.5) and electrocardiographic ST depres- 
sion confirms the diagnosis. If it is only electrocardio- 
graphically positive, the diagnosis can only be 
suggested, although other tests (another exercise test 
with isotopic methods and on occasions, coronary angi- 
ography), are needed to clarify the problem and to 
exclude false-positive results. The degree of abnormal- 
ity of the exercise test is very important. If it is clearly 
positive (early and/or important ST depression, and/or 
precordial pain or hypotension, etc.), coronary angiog- 
raphy is recommended. If it is equivocal for ischemia 
(minor ST depression at the final stage of the Bruce 


protocol without severe clinical findings (angina, 
hypotension), we recommended other techniques (iso- 
topic or CV magnetic resonance studies of perfusion, to 
assure the diagnosis of ischemia. If these tests are posi- 
tive for ischemia, coronary angiography or multislice 
scanner is recommended. 


Pathological responses to exercise 

Changes may be observed with exercise testing in patients 
with ischemic heart disease. Ischemia can be detected by: 
(i) ECG alterations, (ii) hemodynamic changes, and/or 
(iii) clinical signs and symptoms (Table 25.5). Table 25.6 
lists the ECG criteria of positivity and Table 25.7 shows 
the potential causes for false-positive and false-negative 
responses. 
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Figure 25.5 Diagnosis of ischemic heart disease by correlating clinical data (upper left) with exercise test results. Counterclockwise from 
the upper left, presence or absence of chest pain on the treadmill (lower left) (B); positive exercise ECG test with ST depression (ECG-ST) 
(lower right) (C); or positive thallium imaging (upper right) (D). Shaded curves indicate the mean (+ standard deviation) for 96 patients. 
Different shaded curves represent positive (+) or negative (—) results; non-diagnostic ECG-ST results are shown by a question mark. For 
clinical data (upper left), the age and sex are shown on the vertical axis versus the probability of ischemic heart disease on the horizontal 
axis. Separate curves are shown according to the number of risk factors (0, 1-2, or 3-5) for asymptomatic patients (men and women). 
Symptomatic patients are classified as having no angina (NACP), atypical chest pain (ATCP), or typical angina pectoris (TAP). The 
post-test probability of ischemic heart disease according to each test becomes the pretest probability of the next test in sequence, moving 
counterclockwise. The lines represent the range of probabilities of ischemic heart disease (IHD) for two patients. Patient 1 is a 45-year-old 
man with no typical symptoms but three risk factors, and patient 2 is 45-year-old man with chest pain typical of angina pectoris. 
(Reproduced with permission Patterson et al. 1984.) 


Table 25.3 Main indications for exercise testing 


Table 25.2 Bruce protocol for exercise (treadmill) ECG test Diagnostic Doubtful precordial pain. Early detection of 


indications ischemic heart disease 

Stage Speed Grade Duration METS Total time Arrhythmias and exercise 

(mph) (%) (min) (units) (min) Functional Prognosis in patients with ischemic heart disease 

(post-myocardial infarction patients) 

1 1.7 10 3 4 3 Severity of ischemic heart disease 
2 2.5 12 3 6-7 6 Functional capacity of patients with heart disease 
3 3.4 14 3 8-9 9 Therapeutic effectiveness 
4 4.2 16 3 15-16 12 Behavior, with exercise, of known arrhythmias 
5 5.0 18 3 21 15 Level of physical training in asymptomatic 
6 5.5 20 3 = = patients and athletes 
7 6.0 22 3 = = 


Other indications Rehabilitation 


oT... Research 
METS: metabolic equivalents. 
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Table 25.4 Contraindications for exercise testing 
Absolute Acute myocardial infarction 

Acute coronary insufficeincy 

Severe aortic stenosis 

Acute endo- and myocardial diseases 

Acute pulmonary embolism 

Acute and severe non-cardiac disease 

and chronic handicapping diseases 

Relative arked hypertension (systemic and pulmonary) 
individual decision) 

Severe heart failure 

Significant physical and psychic handicaps 
mportant electrolyte disorders 

Digitalis intoxication 

Drugs that can impede evaluation of the results 
arkedly altered basal ECG 


Table 25.5 Exercise ECG: pathological responses 
ECG changes Diagnostic ST segment altrations 

Other repolarization alterations 

Appearance of AV or ventricular block 
Appearance of evident increasein the 
number of arrhythmias 

Hypotension 

Poor heart rate response 

Marked hypertension 

Symptoms: severe chest pain (anginal) and/ 
or dyspnea 

Signs: appearance of abnormal changes in 
palpation and/or auscultation 


Hemodynamic 
changes 


Symptoms and signs 


Table 25.6 Classic ECG criteria for positive stress test 


e Horizontal or downsloping ST depression 21mm 

e ST segment elevation > 1mm 

Also very suggestive are: 

e Horizontal or downsloping ST segment depression > 1mm 

e Upsloping ST segment depression 21mm 

e Inverted U wave 

e Appearance of important ventricular arrhythmias with light exercise 
(< 70% of maximal heart rate) 

e Rarely may appear peaked T wave. 


Table 25.7 False-Positive and False-Negative ECG tests 


False-positive 

e Drugs: digitalis, diuretics, antidepressant drugs, sedatives, estrogen 
e Heart diseases: cardiomyopathy, valvular heart disease, pericarditis, 
hypertensive heart disease, ECG alterations (ventricular block, 
ventricular enlargement, WPW, repolarization alterations) 

e Miscellaneous: thoracic abnormalities (pectus), female sex, 
hyperventilation, glucose ingestion, hypokalemia 

False-negative 

e Drugs:beta-blocking agents, antianginal drugs 

e Inadequate exercise:premature termination of the test, poor 
physical training 

e Technical problems. 


Isotopic studies with thallium-201 or isonitriles can 
increase the sensitivity of exercise testing. Figure 25.4 
shows six examples of the correlation of changes in the 
ECG and isotopic studies during exercise testing. Figure 
25.5 shows how the correlation during exercise testing of 
clinical data and ECG and isotopic changes can influence 
the diagnosis of ischemic heart disease. If a patient has 
anginal pain, sequential ECG changes and the results of 
the isotope study must be considered. A positive response 
is of lesser value in a young woman than in an adult male 
with many risk factors (for further explanation, see 
Figure 25.5). 


Holter ECG monitoring and related 
techniques 


Holter ECG monitoring 

Holter ECG monitoring is a continuous ECG recording 
with accelerated interpretation of data invented by the 
physicist N. Holter more than 50 years ago. This tech- 
nique is to the conventional ECG what cinema is to pho- 
tography. Thanks to this technique we can determine 
cardiac electrical activity during daily activities (Bayés de 
Luna et al. 1983). 

Holter ECG monitoring is very useful for the 
diagnosis and evaluation of arrhythmias (Table 25.8 and 
Figures 25.6-25.9). It may be used to quantify the number 
as well as the characteristics of arrhythmias, the point in 
time at which they occur, their relationship to exercise, 
emotions, and sleep, and 24-hour (or longer) heart rate 
behavior, in addition to being used to stratify the risk of 
sudden death (Bigger et al. 1984) and to identify the 


Table 25.8 Usefulness of Holter monitoring 


e Determination of the prevalence of the different arrhythmias in 
healthy subjects and in the different diseases 

e Determination of a possible correlation between the symptoms 
the patient shows (dizziness, palpitations, syncope, etc.) and the 
presence of arrhythmias 

e Assessment of the antiarrhythmic pharmacologic treatment and 
post-ablation treatment 

e Assessment of the electrophysiologic mechanism of arrhythmias 
e Determination of the arrhythmia responsible for the sudden death 
(Bayés de Luna 1989) 

e Sudden death stratification risk 

© Control of the pacemaker function 


Repolarization alterations: 

e Repolarization alterations not due to IHD 

e Repolarization alterations due to IHD:secondary angina vs. primary 
angina 

e Silent ischemia 

e Control of treatment for angina 

e Post-infarction risk stratification 


IHD, ischemic heart disease. 
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Figure 25.6 (A) Three-channel 24-hour Holter ECG recorder with software screen. (B) Holter remote acquisition platform. (C) Event 


analyzer (www.gem-med.com). 


arrhythmia that triggers it (Bayés de Luna et al. 1989). 
Today, with digital recording systems, data interpretation 
may be done through the Internet, subsequently saving 
money and time (Figure 25.6). Currently, prolonged 
recordings of up to 7 days are available, and they are 
especially useful to detect the incidence of paroxysmal 
atrial fibrillation (AF) and to assess whether they have 
disappeared after ablation. On certain occasions, Holter 
ECG monitoring may also be useful in studying repolari- 
zation alterations (Table 25.8). 

Holter technology allows us to assess various distur- 
bances of the autonomic nervous system (ANS) based on 
the study of different parameters, such as RR interval 
variability (HRV), dynamic QT behavior, and heart rate 
turbulence (HRT), among others. However, the above- 


mentioned parameters usually have a low PPV. Their real 
value in daily practice has yet to be completely estab- 
lished. Nevertheless, many published studies show the 
potential utility of these parameters for risk stratification 
in patients post infarction and in patients with heart fail- 
ure, in addition to other clinical situations (Cygankiewicz 
et al. 2006, 2008). At present, the possibility of using a 
score from various Holter ECG parameters to increase the 
PPV of this technology is being investigated. For more 
information, consult the guidelines of the different scien- 
tific societies (page XI). 


Related techniques 
Conventional systems for the telephone transmission 
of ECG data are available, well known, and obviously 
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Time Isolated Beats in Total Max ST 
Period Runsof | pauses slope 
PAC degrees 


1-13:15 171 42 
1-14:15 22 
1-15:15 22 
1-16:15 27 
1-17:15 17 
1-18:15 17 
1-19:15 35 
1-20:15 45 
1-21:15 40 
1-22:15 27 
1-23:15 27 
2-00:15 17 
2-01:15 17 
2-02:15 11 
2-03:15 11 
2-04:15 14 
2-05:15 11 
2-06:15 17 
2-07:15 22 
2-08:15 17 
2-09:15 22 
2-10:15 27 
2-11:15 22 
2-12:15 17 
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Figure 25.7 (A) Time schedule of premature atrial complexes (PACs), isolated or in runs (it is observed that at 7-9 p.m. a paroxysmal 
tachycardia episode occurs). The number of pauses and ST elevations are also recorded. There are no premature ventricular complexes 
(PVCs). (B) Heart rate trend in which it is observed how during the paroxysmal tachycardia episode the heart rate increases abruptly 
and stays unchanged for 2 hours. (C and D) Onset of the paroxysmal tachycardia episode. 


useful, especially if no physician is available or if a esting (event analyzer). These data are subsequently 
pacemaker is to be controlled. Systems related to Holter transmitted by telephone or through the Internet for 
ECG monitoring, which allow for ECG recording at the interpretation. This is of great interest in the study of 


time when certain symptoms occur, are particularly inter- sporadic symptomatic arrhythmias (Figure 25.6). 
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Figure 25.8 (A) A50-year-old patient with palpitations and frequent premature ventricular complexes (PVC, often bigeminal PVC) and 
runs of ventricular tachycardia (VT), some of which are particularly long (>15 min), with a heart rate >150 bpm. (B) A 75-year-old patient 
with palpitations. The ECG Holter recording showed a sick sinus node (asymptomatic pauses >4min and frequent premature atrial 
complexes (PACs), sometimes bigeminal, which are part of a bradycardia—tachycardia syndrome, requiring a pacemaker implantation. 


Also a run of VT is recorded. 


Currently available implantable loop recorders (Krahn 
et al. 2004) allow us to more frequently determine the 
cause of unexplained syncope occurring sporadically in 
patients who usually have good ventricular function but 
whose life may be at risk (Reveal Medtronic). In the RAST 
trial (Krahn et al. 2001), it was demonstrated that the 


implantable loop recorder is more effective, in terms of 
diagnosing the cause of unexplained syncope, than the 
conventional method (conventional event analyzer + tilt 
table test + intracavitary electrophysiological study (IES)). 

Telemetry home monitoring of the implanted device 
(Ricci et al. 2008) has been shown to be very useful for 
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muscular contractions (the most frequent cause of 
oversensing). 


patient follow-up after pacemaker and implantable cardi- 
overter defibrillator (ICD) implantation, as well as for the 
detection of paroxysmal arrhythmias (Ricci et al. 2009). 


The ambulatory cardiac telemetry (ACT) device 
consists of a small sensor and electrodes worn on the 
chest, which record the heart rhythm and transmit 
automatically, without requiring patient action, and 
wirelessly to a cellular phone monitor in which is the 
transmission is analyzed by an algorithm, and the 
information is transmitted to a central station for review 
and appropriate interpretation. It has been demonstrated 
(Kadish et al. 2010) that 1% of patients wearing ACT for 
routine clinical indications experienced severe live- 
threatening arrhythmias over a three-week monitoring 


period. 


Intracavitary ECG and electrophysiologic 
studies 

Intracavitary ECG and electrophysiologic studies (EPS) 
allow for a better assessment of cardiac electrical activity. 
To perform this study it is necessary to insert various 
catheters into the heart, which stimulate and record 
intracavitary electrograms (Figure 25.10) (Josephson 
2008; Zipes and Jalife 2004). This includes: (i) electrical 
activity recording in different areas of the atria and 
ventricles, including the bundle of His and branches, 
which has allowed us to better understand the activation 
sequence of the heart, both in normal and pathologic 


ST level —0.4~ 


situations; and (ii) programmed electrical stimulation, 
including pacing techniques at increasing heart rates, 
and the application of extra stimulus at progressively 
shorter intervals with respect to the baseline rhythm, to 
study the refractory periods of the stimulated area 
(Figure 25.11). 

These techniques are very useful in clinical 
arrhythmology (Table 25.9 and Figures 25.12-25.15). In 
many situations, despite the large amount of information 
obtained by the surface ECG, performing an intracavitary 
ECG and carrying out EPS is essential, not only to confirm 
the diagnosis, but also to determine the best treatment for 
each type of arrhythmias. Some paradigmatic cases, for 
example, are: 

(i) determining the exact location of an AV block (Figure 
25.12); 

(ii) the study of sinus function (Figure 25.13); 

(iii) the mechanisms of a wide ORS tachycardia (Figures 
25.14 and 25.15); 

(iv) the best area for catheter ablation of a VT, AF, or atrial 
flutter, or precisely identifying the circuit involved in 
a reentrant AV junctional tachycardia, including WPW 
syndrome; and 

(v) guiding the implantation of an automatic ICD or 
resynchronization pacemaker (CRT). 

Thanks to these techniques, surface ECG diagnosis 
has advanced considerably so that we are able to apply 
the data obtained by intracavitary studies to the 
conventional ECG. 
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Figure 25.10 Catheter location for ablation. Right arterial oblique position (RAO) (right) and left anterior oblique position (LAO) (left). 
The coronary sinus catheter gives us information on electrical activity of the left side without arterial access. CS: coronary sinus; H: His; V: 


apex of the right ventricle. 
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Figure 25.11 Diagram showing the different tissue 
refractory periods, in particular the atrioventricular 
(AV) node refractory period. (A) Response sequence 
to increasingly premature stimuli (A2). (B) Curve 
obtained from A1-A2 and H1-H2 values under 
normal conduction conditions. TRT (total recovery 
time) = shortest distance between the basal impulse 
(A) and the extra stimulus, with the latter being 
normally conducted (A2 H2 = A1 H1) (see B in A). 
FRP (functional refractory period): the shortest H1- 
H2, regardless of the A1-A2 distance (see D in A and 
2 in B). Effective refractory period (ERP): the longest 
A1-A2 distance that is not followed by a hisian 
deflection (see F in A and 3 in B). Relative refractory 
period (RRP) starts when A2-H2 > A1-H1, that is to 
say, at the end of the TRT, and lasts until the begin- 
ning of the ERP (3 in B). (C) Confirmation of AV 
conduction through both a and B pathways. Note 
the A2-H2 response (AV conduction), to increasingly 
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Wave amplification and filtering techniques 
Wave amplification techniques, sometimes along with 
ECG recording at a faster speed, may be useful to better 
determine atrial activity or make it more visible when not 
apparent and to diagnose the presence of AV dissociation, 
which, in turn, is crucial for the differential diagnosis 
between VT and aberrant supraventricular tachycardia 
(see Figures 15.37 and 16.13). 


ERP of the a pathway is reached. 


T wave filtering techniques allow us to visualize the 
P wave when it is concealed in the preceding T wave 
(Goldwasser et al. 2011). We hope this system will be 
commercialized soon. At present, T wave filtering tech- 
niques help to diagnose the location of atrial waves, 
which may be very useful to better diagnose different 
types of supraventricular tachyarrhythmias (Figure 25.16). 
There are also promising results offering the possibility 
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Table 25.9 Utility of intracavitary electrophysiologic studies 


e Study of the refractory periods of the different zones of the heart 
e Topographic location of the AV block 
e Study of the AV and VA conduction characteristics 


e Study of the sinus function 


e Study of the accessory pathways characteristics 


e Study of the mechanisms of a wide ORS tachycardia and their 
differential diagnosis 

e Pharmacoelectrophysiology 
e Implantable cardioverter defibrillator (ICD)—implantation and 


ablation techniques 


e Improvement of diagnostic precision of conventional ECG 


AV: atrioventricular. 


of detecting AV dissociation in patients with broad QRS 
tachycardia. 


Other ECG leads 

On occasion, the recording of a bipolar precordial lead 
(Lewis lead) may also be useful. This is obtained by plac- 
ing the right arm electrode in the second right intercostal 
space and the left arm electrode in the fourth right inter- 
costal space (Bakker et al. 2009). 

The esophageal leads: The recording of ECG through a 
lead located in the esophagus was attempted in the early 
days of electrocardiography by Cremer in 1906 (Pehrson 
2004). In fact, in spite of its importance from a research 
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Figure 25.12 Electrophysiologic studies (EPS) in a patient with Wenckebach-type 5 x 4 AV block with pre-hisian block. Note the progres- 
sive prolongation of the AH interval, until the fifth A* is not conducted. The more significant conduction delay occurs between the first and 
second AH intervals. 


Figure 25.13 A very long sinus recovery period (SRP). Before the first sinus P wave occurs (A in EHH), two hisian deflections (H) have 
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been recorded. 


an 


` 


Figure 25.14 Ventricular tachycardia (VT) triggered by two extrastimuli separated by 220 ms. 
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Figure 25.15 Wide QRS tachycardia (see V1). The electrophysiologic study showed that the tachycardia was supraventricular in origin, 
with anterograde activation by the specific conduction system (SCS) (H before V) and retrograde activation through an accessory pathway 
(A after V). The QRS complex was wide because of an associated right bundle branch block (RBBB) (aberrancy). 


point of view, its use in clinical practice has not been very 
much expanded since due to the relative bother and time 
that it is necessary to record it. 

Transesphageal recording may be useful from a diagnos- 
tic point of view in the following circunstances: (i) to study 
the atrium in normal and different types of atrial blocks 
(Bayés de Luna et al. 1985) (see Figure 9.19); (ii) to distin- 
guish between AVNRT and AVRT in the case of paroxysmal 
narrow ORS tachycardia (Figure 25.17) (Gallagher et al. 
1982), and (iii) to perform differential diagnosis in the case of 
wide QRS tachycardia between supraventricular or ventric- 
ular origin with aberrancy, demonstrating the relationship 
between atria and ventricles or the presence of AV dissocia- 
tion, unmasking the atrial activity hidden in the QRS-T. 

Transesophageal stimulation may be used from a clinical 
point of view in many circunstances such as: induction 
and termination of supraventricular tachycardias, assess- 
ment of sinus node function, emergency pacing, etc. 


Body surface potential mapping 

Body surface potential mapping has been used for decades 
for investigational purposes. Currently, portable and fast 
electrode placement devices allowing for good-quality 
ECG tracings are available. 

These methods generate QRST mappings that allow us 
to investigate the likelihood of developing arrhythmias 
and produce risk stratification, although usage in daily 
clinical practice is very limited (De Ambroggi et al. 1991; 
Hubley-Kozey et al. 1995; Korhonen et al. 2009). Recently, 
they have been used to demonstrate the importance of 


late depolarization theory to explain how the typical 
pattern of coved ST segment in the Brugada syndrome is 
produced (Postema et al. 2010). 

This technique has also been used to diagnose cases 
of myocardial infarction in the inferolateral zone, which 
is not easily detected by surface ECG (McClelland et al. 
2003) (Figure 25.18). However, its use in clinical practice is 
very limited. Our experience shows that it is not easy to 
perform, and although in many cases its diagnostic capac- 
ity is better than that of automatic ECG interpretation, an 
expert ECG interpreter with good knowledge of the 
clinical history of the patient will probably make the same 
accurate diagnosis. 


Analysis of late potentials using a signal 
averaging electrocardiogram (SAEGG) 

Late potentials are low amplitude potentials that are 
present at the end or after the QRS complex (Figure 25.19). 
They are caused by a late activation of myocardial zones 
where viable muscle tissue alternates with necrotic and/ 
or fibrotic zones. They have been shown to be independ- 
ent markers of sustained VT (Breithardt et al. 1983). 

This technique has been used in coronary patients to 
detect those at higher risk of developing VT/VF by show- 
ing those areas with slow conduction due to the presence 
of a post-infarction scar. When positive, it is also useful for 
the diagnosis of arrhythmogenic right ventricular cardio- 
myopathy and Brugada syndrome. In general, Se and Sp 
are quite high, but in epidemiologic reality, PPV is usually 
low, whereas NPV is high (see Chapter 8). For example, 
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Figure 25.16 The technique of T wave filtering allows us to properly locate the atrial wave that is often hidden in the previous T wave. 
The figure shows three examples with a comparison of surface ECG, filtering technique (FT), and intra-atrial lead (IAL) to correlate the 
value of the filtering technique. We can check that the FT allows us to identify the appropriate atrial wave in three types of different 
supraventricular tachyarrhythmias: (A) AVRT, (B) AVNRT, and (C) AT-EF. 
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Figure 25.17 Surface lead II and bipolar esophageal ECG 
recordings (ESO 1-2). The distance ventricle—atria ESO (VAESO) 
is less than 70 ms during AV nodal reentry tachycardia (left). 
During orthodromic tachycardia the VAESO distance exceeds 
70ms (right). A: atrial electrogram. 


let us consider post-infarction patients and the risk of VT/ 
VE In these cases the PPV of late potentials is low (=20%), 
so that in theory only a small percentage of post-infarction 
patients with positive late potentials will have malignant 
ventricular arrhythmias (MVA) in the future. However, 


the clinical practice value is caused by the fact that the 
NPV is very high (99%). This means that when late poten- 
tials are negative, the risk of developing MVA is very low. 

Therefore, it is necessary to combine new parameters to 
increase the PPV. In this sense, the papers published by 
Gomes et al. (1987) and Kuchar et al. (1987) are relevant. 
The former demonstrated that in patients with positive 
late potentials and ejection fraction <40%, the number of 
Holter monitoring ventricular PVCs was significant and 
the prognosis (occurrence of malignant arrhythmias) was 
poorer. Meanwhile, Kuchar et al. (1987) showed that 
patients with positive late potentials, Lown grade III-IV 
(Holter), and ejection fraction <40% had a 30% possibility 
of suffering from a severe arrhythmic event during a 
1-year follow-up. In contrast, patients with only one 
factor had a much lower chance of suffering from severe 
arrhythmia (<5%). Late potentials are also useful to help 
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Figure 25.18 Examples of body surface mapping (BSM) and 12-lead ECGs from patients with acute myocardial infarction (AMI) 
confirmed by elevated troponin I or creatine kinase-MB. (A) Patient with inferior AMI diagnosed by BSM algorithm and physician 
but missed by the 12-lead ECG algorithm (maxima = 1.10 mm, in inferolateral area). (B) Patient with inferior AMI diagnosed by 
BSM algorithm but missed by physician and 12-lead ECG algorithm (maxima = 1.07 mm, in inferolateral area) (Reproduced with 


permission from McClelland A, Owens C, Menown I, et al. 2003) 


Vector magnitude 
400 mm/s 1.00 mm/uV 
25-250 Hz 


Durations (ms): 
Std QRS 105 

1 total QRS 105 
LAS under 40 uV 27 


MSR voltages (uV): 
Total QRS 532.8 
2 last 40 ms 54.8 
Noise 0.2 

Cycles 225.0 


100 uV 
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100 mm/s 1.00 mm/uV 
25-250 Hz 


Durations (ms): 

Std QRS 120 

1 total QRS 202 

LAS under 40 uV 125 


MSR voltages (uV): 
Total ORS 66.4 
2 last 40 ms 2.7 
Noise 0.3 

Cycles 237.0 


2. MSR 


1. QRS 


Figure 25.19 Late potential normal recording in a patient without heart disease (A) and in a patient with right ventricle (RV) arrhythmo- 
genic dysplasia (B). In the first case, none of the three diagnostic criteria are met: (i) QRS = 105 ms; (ii) MSR (mean square root) voltage of 
the last 40 ms = 54.8; and (iii) low amplitude signal (LAS) under 40uV = 27. In the second case the three criteria are met: (i) QRS = 202 ms; 


(ii) MSR (last 40ms) = 2.7; and (iii) LAS (<40 uV) = 125. 
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Figure 25.20 (A) A young man with syncopal attacks, probably neuromediated (vagal), and a normal ECG. Tilt testing was positive, 
presenting with dizziness and cardioinhibitory response with advanced atrioventricular (AV) block (B and C). After recovery in the normal 


position the AV block completely disappeared. 


for diagnosis in Brugada syndrome and arrhythmogenic 
RV dysplasia (Chapter 20). 


Tilt table test 

The tilt table test technique is used to unmask the suscep- 
tibility to neurally mediated (vasovagal) syncope in 
patients with unexplained syncope. It is very useful to 
confirm the diagnosis of neuromediated syncope, but 
not for evaluating the efficacy of treatments. The tilt 
table test involves placing the patient on a table with a 
foot support, then tilting the table upward into a com- 
pletely vertical position. The patient is instructed to 
remain resting, with the aim of assessing whether syn- 
cope occurs spontaneously or after the administration of 
drugs (i.e. nitroglycerin), at which point the table is 
returned to a flat (horizontal) position and the syncope 
disappears (Sutton and Bloomfield 1999). 

Recently, it has been reported that during tilt table test- 
ing, the presence of oscillating systolic blood pressure, 
varying at 230mm in patients who are non-responders to 
the passive head-up tilt and glyceryl trinitrate provoca- 
tion, may be considered the equivalent to vasovagal syn- 
cope, possibly obviating the need for other tests, such as 
the isoprenaline test (Hausenloy et al. 2009). 

Neuromediated syncope may be of a vasodepressor, 
cardioinhibitory, or mixed type. Cardioinhibitory 
response may occur in the form of sinus bradycardia, 
leading to sinus arrest (20% of the cases in a tilt test) or AV 
block (4% of the cases) (Figure 25.20) (Brignole 2009). 
When it is established that the patient shows the same 
symptoms as before, the diagnosis is confirmed. A signifi- 
cant cardioinhibitory response, especially if occurring 
previously to the vasodepressor response, may call for 
pacemaker implantation, which would become activated 
when heart rate decreases (Medtronic Venta). However, 


as syncope usually has a vasodepressor component, a 
pacemaker implantation does not provide a guaranteed 
solution that no more syncope will occur. 


Imaging techniques 

Imaging techniques, especially echocardiography, may be 
useful to determine left ventricular function and to study 
right ventricular or aortic pathology. Echocardiography is 
the first-choice imaging technique for the diagnosis of struc- 
tural heart disease and the study of dysynchrony between 
both ventricles and is useful when deciding whether car- 
diac resynchronization therapy (CRT) is needed (see below). 
Recently, it has been demonstrated (Bouzas-Mosquera 
2009) that exercise echocardiography provides significant 
prognostic information for predicting mortality and MACE 
in patients with LBBB and no changes in the exercise ECG. 

Cardiovascular magnetic resonance is a key technique 
to rule out or confirm the diagnosis in some diseases such 
as arrhythmogenic RVC/D, anomalous origin of coronary 
arteries, or to better study other diseases such as cardio- 
myopathies. It is also very useful for detecting atrial fibro- 
sis to assess the feasibility of cardioversion or AF ablation 
as demonstrated (Oakes et al. 2009). Furthermore, cur- 
rently CV-MR perfusion studies with adenosine have 
became very useful and are performed more and more 
frequently than isotopic studies. 

Non-invasive (multislice scanner) or even invasive cor- 
onary angiography may also be necessary to assess the ana- 
tomic and functional state of the coronary circulation. The 
multislice scanner may be used to investigate the anatomy 
of pulmonary and coronary veins (AF ablation and CRT). 


Genetic techniques 
Finally Genetic testing will become more necessary to 
diagnose inherited heart disease in the future. Currently, 
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it is considered to be a first-line procedure only when a 
genetic disease appears to be responsible for cardiac arrest 
in clinical test results. Also, it may be useful for the study 
of relatives of these cases. 

All these techniques are used with increasing frequency, 
especially in young patients and athletes with exercise- 
related syncope or significant arrhythmias, to confirm 
that no structural heart disease is present (i.e. hyper- 
trophic cardiomyopathy, coronary artery anomalies, 
arrhythmogenic right ventricular cardiomyopathy, etc.). 
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Illustrations are comprehensively referred to from the text. Therefore, significant material in illustrations (figures and tables) have only been given a page 
reference in the absence of their concomitant mention in the text referring to that illustration. ‘vs.’ has been used to indicate differential diagnosis. Abbreviation 
used: BBB, bundle branch block; RV, right ventricle; LV, left ventricle. 


AAI pacemaker 366, 368 
aberrancy (in conduction) 294-8 
phase 3 295-7 
phase 4 297-8 
supraventricular (incl. atrial) 114, 294 
misdiagnosed as ventricular tachycardia 382 
with wide QRS complexes, differential 
diagnosis 340 
ectopy 318-9 
absolute refractory period 40 
accessory pathways (APs) 203, 205 
ECG diagnosis of more than one 209 
Kent bundle-type 203, 204, 211, 212, 309, 312 
reentrant circuits involving AV junction 
and 286, 312 
tachycardias with anterograde, conduction over 
one AP 286 
action potential, transmembrane see 
transmembrane action potential 
activation (contractile cells) 3,32, 41-8 
atrial 42-4 
counterclockwise, atrial flutter 324 
domino model 47-8 
inferoposterior hemiblock 188-9 
left BBB 
Ist degree 181-2 
advanced (3rd degree) 173-5 
ORS, delayed diffuse intraventricular 200 
right BBB 
3rd degree 161-6 
partial (2nd degree) 168-9 
superoanterior hemiblock plus 194 
superoanterior hemiblock 184 
plus right BBB 194 
ventricular see ventricles 
acute coronary syndrome (ACS) 16, 402-39 
arrhythmias in 431 
classification (ECG importance) 406-7 
confounding factors (concurrent 
conditions) 429-30 
differential diagnosis 395, 396 
myocarditis 475-6 


evolving to MI, mechanical 
complications 431-2 
management 406-7 
non-occlusive thrombus 402 
non-ST segment elevation see non-ST segment 
elevation acute coronary syndrome 
occlusive thrombus 402, 402-4 
recurrence 434 
ST segment elevation see ST segment elevation 
acute coronary syndrome 
adolescents (differences from adults) 89 
LV enlargement 148 
age-related values and variations 89-90 
LV ventricular enlargement 147-8 
Q waves in various leads and 71 
R waves in various leads and 74 
S waves in various leads and 75 
T waves in various leads and 79 
alcoholism 503-4 
alloarrhythmia 381 
ambulatory cardiac telemetry 533 
ambulatory ECG see Holter monitoring 
amiodarone-induced long QT interval 389, 502 
amplification methods 19 
amyloidosis 498 
analog-to-digital conversion 18, 61-2 
anatomical basis (of ECG) and correlations 
25-33 
ventricular enlargement 
left 144-7 
right 129 
ventricular hemiblocks 158 
anemia 497 
anesthesia 508-9 
aneurysms 
dissecting (aortic) 396 
differential diagnosis 395 
ventricular 432 
angina (ischemic chest pain) 402 
exercise 402, 404, 447 
presentation with 394-5 
Prinzmetal (variant) 443-6 
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tachyarrhythmia causing 441 

other causes 447 
angiography (coronary) 539 

MI (STEMI vs. NSTEMI) 405 
anterior wall 253 
infarction associated with hemiblock 267 
see also anteroseptal zone and wall 
anterograde conduction over one accessory 
pathway, tachycardias with 286 
anteroposterior axis rotations 85 
anteroseptal zone and wall 26-7 
Q wave infarction involving 262 
see also middle anteroseptal fibers 
anterosuperior right BBB, zonal 188 
antiarrhythmic drugs and post-infarction sudden 
death 502, 517 
antiarrhythmic agents (AAA) 322 
antidromic tachycardia 312 


antihypertensive drugs 492 
aortic aneurysm see aneurysm 
aortic valve disease 473-4 
LV enlargement in 152 
P wave abnormalities 120 
stenosis 473, 474 
congenital 488 
AQRS 72, 390-1 
BBB 
advanced left 175-7, 180 
advanced right 166 
calculation 80-3 
at 0° 82 
at +60° 80-1 
at +90° 81-2 
changes to right and to left of +60° 81 
in clinical practice 82-3 
cor pulmonale 484 
indeterminate 391 
inferoposterior hemiblock 189 
left-deviated 391 
hyperdeviation 391 
Q wave in, with/without superoanterior 
hemiblock 268-74 
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AQRS (cont'd) 
pacing site and the vector direction 362 
pediatric 89 
right-deviated 391, 484 
superoanterior hemiblock 184 
in differential diagnosis 188 
ventricular enlargement 
left and right (biventricular) 154 
right 126, 130, 133, 137 
AQRS-AT spatial angle 391 
arm lead 
left (VL) 55-7 
right (VR) 55-7 
arrhythmias 279-99 
active 279, 281-91, 301-27 
with fixed coupling interval 283-90 
mechanisms 281-91 
with variable coupling interval 290-2 
in acute coronary syndrome (ACS) 431 
alcohol-induced 503-4 
in arrhythmogenic RV cardiomyopathy 459 
athletes 499-500 
children 509-10 
classification 279-80 
clinical 279 
electrocardiographic 279-80 
mechanistic 279 
site of origin 279 
clinical significance and symptoms 280 
definition 279 
differential diagnosis in special situations 381-4 
drug-induced see drug-induced ECG patterns 
ECG diagnosis 280-2 
as best method 16 
in hypertension, sudden death 491-2 
in hypertrophic cardiomyopathy 333, 454 
intraoperative 508 
in ischemia 274 
pacemaker-induced 369 
passive 279, 292-9, 354-71 
mechanism 292-9 
serious, risk with normal/near normal ECGs 521 
step-by-step approach to diagnosis in clinical 
practice 373-84 
supraventricular see supraventricular 
arrhythmias 
vectorcardiography of no use in 8 
ventricular see ventricular arrhythmias 
Wolff-Parkinson—White pre-excitation and see 
Wolff-Parkinson—White syndrome 
arrhythmogenic RV dysplasia/cardiomyopathy 
(ARVC) 454-7 
right BBB 164, 455 
arterial hypertension see hypertension 
artifacts and their avoidance 63 
atherothrombosis causing blood flow 
decrease 402, 406-41 
athletes 498-502 
differentiation from type II Brugada and pectus 
excavatum 77, 465 
atria 103-22 
aberrancy 114, 294 
activation (waves) 42-4 
analysis (morphology /polarity /cadence/ 
rate/location in cardiac cycle) 373-7, 384 
activity analysis 373 


with arrhythmias 281 
bigeminy 381 
concealed 381 
contractions, pacemaker preservation 370 
depolarization 4, 42-3 
dilation see atrial enlargement 
dissociation 115-16, 121 
ventricular tachycardia with 338 
ectopic focus see ectopic focus 
extrasystoles 286, 318, 323, 384 
flutter, simulation in Parkinson’s disease 65 
hypertrophy 103 
impulse conduction to ventricle from see 
atrioventricular conduction 
infarction 121, 439 
atrial repolarization changes 119, 121 
P waves 117,119 
perfusion 27 
premature complexes, interatrial block (2nd 
degree) induced by 114 
reentry (and macro- or micro-reentry) 
fibrillation caused by 285-6 
monomorphic atrial tachycardia due to 304, 
375 
repolarization 43-4, 103 
disturbances 118-20, 121 
retrograde conduction in left atria, advanced 
interatrial block with 512-13 
right, reentrant circuits located 286 
septal defect 486 
tachycardias 
chaotic 316, 318 
monomorphic 303-9 
vulnerable period 41 
atrial block (interatrial block) 103, 111, 112-14 
1st degree (partial) 113-14 
2nd degree (atrial aberrancy) 114, 294 
3rd degree (advanced) 114 
with left atrial retrograde conduction 512-13 
atrial enlargement and 103, 111, 112-13 
atrial enlargement (dilation) 103, 105-12 
atrial block and 103, 111, 112-13 
left 104, 109-11 
false positive and negative diagnoses 111 
right 104, 105-9, 120 
in cor pulmonale 484, 485 
false positive and negative diagnoses 108 
right and left (bi-atrial) 111-12 
ventricular enlargement combined with 156 
atrial fibrillation 120-1, 316-21, 381 
in acute coronary syndrome 432 
athletes 499 
atrial enlargement and 
left 111 
right 112 
atrial flutter compared with 323 
BBB (advanced left) with 180 
in Brugada syndrome 465 
children 510 
chronic 316, 317, 321 
clinical and prognostic implications 319-21 
concept 316 
differential diagnosis 318-9 
ECG findings 316-8 
f waves 111, 116, 317, 318, 373 
genetic predisposition 467 


mechanisms/causes 316 
reentry 285-6 
paroxysmal 286, 309, 316, 317 
premature complexes 296-7 
reverse or inverse 324 
with sinus rhythm 316-7, 324 
AF in left atrium with 116 
therapeutic approach 321 
in Wolff—Parkinson—White syndrome, vs. 
ventricular tachycardia 319, 337 
atrial fibrilloflutter 324 
atrial flutter 321-7 
atypical 323-4, 324 
children 510 
F waves 321, 323, 324, 326, 384 
sinus rhythm vs. 2 x 1 flutter 382 
typical/common 323, 324 
atriohisian tract 203, 212, 213, 215 
atrioventricular (AV) block 359-62, 381, 515 
1st degree 361 
2nd degree 361 
3rd degree (advanced) 362,515 
athletes 501 
congenital 515 
neonatal 485 
atrioventricular (AV) canal defects 485 
atrioventricular (AV) conduction 44 
accessory pathways see accessory pathways 
block see atrioventricular block 
of paroxysmal monomorphic atrial tachycardia 
due to ectopic focus 307 
of premature ventricular complexes 329 
synchrony with pacemakers 370 
atrioventricular (AV) dissotiation 337 
atrioventricular (AV) junction 29 
conduction in see atrioventricular conduction 
heart block and 292 
reentrant circuits involving see reentry 
atrioventricular junctional tachycardias see 
junctional tachycardias 
atrioventricular nodal reentrant tachycardia 
(AVNRT) 286, 287, 309 
atrioventricular (AV) node 
ablation, plus VVIR pacemaker 
implantation 366-7 
impulse conduction through 44 
atrioventricular reentrant tachycardia see reentry 
atrioventricular (AV) relationship analysis 378 
in arrhythmias 281 
augmented system leads 55-6 
automated ECG interpretation 18, 62,523 
automatic slow response cells see slow response cells 
automaticity (cardiac cell) 39 
depression 292, 354-8 
sinus node see sinus node 
elevation (increase) 283-4, 334 
aVF leads 55 
Q wave 71 
Rwave 74 
S wave 75 
T wave 79 
aVL leads 55 
Q wave 71 
Rwave 74 
S wave 75 
T wave 79 


aVR leads 55 
change to -aVR from 58 
Q wave 71 
Rwave 74 
S wave 75 
T wave 79 


Bailey’s hexaxial system 57 
Bailey’s sextants 55 
Bailey’s triaxial system 55, 57 
Bayes’ theorem 98 
bi-atrial enlargement 111-12 
bicameral DDD pacemakers 362 
bidirectional ventricular tachycardia 347 
bifascicular block 159, 193-9 
with long PR interval 199 
masked 197,514 
occurring with alternance of other fascicular 
blocks 199 
bigeminy 381 
bipolar precordial lead (Lewis lead) 58-9, 535 
bipolar stimulation spike (pacemaker) 362 
bitruncal (left and right) BBB 193, 514 
biventricular enlargement and hypertrophy 153-6 
advanced right BBB and 168 
biventricular pacing 366, 367, 371 
block see atrial block; atrioventricular block; 
bundle branch block; heart block; 
hemiblock; middle anteroseptal fibers; 
ventricular block 
blood flow decrease 
abrupt 404-5 
non-atherothrombotic causes 441-7 
thrombotic/atherothrombotic causes 402, 
406-41 
blood perfusion see perfusion 
body habitus 94 
LV enlargement and 148 
body surface potential mapping 536 
bradycardia (and bradyarrhythmia) 280 
athletes 499 
intraoperative 508 
in ischemia 274 
in long QT syndrome 463 
sinus see sinus bradycardia 
symptomatic, pacing 371 
bradycardia—tachycardia syndrome 317,511 
breathlessness (dyspnea), acute, ECG changes 
and 397 
broad QRS tachycardia, differential diagnosis 16 
Bruce protocol 526 
Brugada syndrome 171, 464-5 
type I 465 
type II 465 
differentiation from athletes and pectus 
excavatum 77, 466 
bundle (of His) 
external recording, future possibility 19 
fascicles 30-1, 44 
impulse conduction 44 
see also parahisian technique 
bundle branch(es) 158 
depolarization 44 
left 30, 158 
reentry 334 
right 29, 158 


bundle branch block (BBB) 513-14 
alternating 515 
bitruncal (left and right BBB) 193, 514 
high-risk 513-14 
wide QRS complexes 429 
WPW pre-excitation associated with 210 
bundle branch block, left (LBBB) 137, 161, 
173-87, 429 
Ist degree (partial) 181-3, 188 
2nd degree 180-1 
3rd degree (advanced) 137, 152, 173-80, 198, 
200, 263—4 
activation 173-5 
clinical implications 180 
de novo (new) appearance, prognostic 
significance 513 
differential diagnosis 179-80 
ECG changes 175-7 
ECG diagnostic criteria 177-9 
peripheral 175, 179 
proximal 173-5, 175 
Q wave MI with 263-4 
ST changes 179, 246 
acute coronary syndrome and 429 
alternating with RBBB 514-15 
biventricular hypertrophy in presence of 156 
ECG morphology at all levels 160 
inferoposterior hemiblock plus 198 
LV enlargement in presence of 140 
LV enlargement vs. 151 
LV hypertrophy in presence of 152 
myocardial infarction and 439 
RV enlargement in presence of 137 
superoanterior hemiblock plus 198, 198-9 
Wolff-Parkinson—White pre-excitation vs. 
block 180, 206, 210 
bundle branch block, right (RBBB) 161-73, 429, 
514-15 
1st degree (partial) 168-71 
activation 168-9 
association with other processes 175-6 
differential diagnosis and clinical 
implications 170-1 
ECG changes 169-70 
peripheral 169 
2nd degree (intermittent) 168 
ST changes 246 
3rd degree (advanced/complete) 136, 156, 161, 
161-8, 200, 261 
activation 161-6 
clinical implications 168 
cor pulmonale and 485 
differential diagnosis 168 
ECG changes 166 
ECG diagnostic criteria 166-8 
myocardial infarction and 168, 261, 439 
peripheral origin 163-6, 166, 168 
proximal origin 161-3, 166, 168 
ST changes 246 
acute coronary syndrome and 429 
alternating with LBBB 515 
in arrhythmogenic RV dysplasia 164, 455 
atypical 135 
in Ebstein’s disease 487 
inferoposterior hemiblock plus 197-8, 197-8, 514 
LV hypertrophy in presence of 152 
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morphology of ECG 159-60 

in RV enlargement 132-3, 133, 135, 136 

RV enlargement vs. 135 

superoanterior hemiblock plus 194-7, 194-7, 514 
zonal anterosuperior 188 


calcium disturbances 504-5 
calibration of device 63 
capillary electrometer 11, 12 
capture complexes 340, 379 
cardiology check-up, athletes 501 
cardiac arrest 362 
cardiomyopathy 399, 453-60, 476-9 
acquired 476-9 
immune-mediated 515 
peripartum 508 
arrhythmogenic RV see arrhythmogenic RV 
dysplasia 
hypertrophic see hypertrophic cardiomyopathy 
spongiform or non-compacted 458-9 
cardiovascular MR see magnetic resonance 
cardiovascular non-ischemic pain 396-7 
cardioverter defibrillator, implantable (ICD) 
arrhythmogenic RV cardiomyopathy 457 
heart failure 479 
carotid sinus massage, paroxysmal tachycardia 
recording during 288 
paroxysmal monomorphic atrial tachycardia 
due to ectopic focus 307 
CAST study 502,517 
catecholaminergic polymorphic ventricular 
tachycardia 347, 467, 469 
cavities see chambers 
cells (cardiac/myocardial) 31-3, 34-48 
categories (electrophysiological) 34 
contractile see contractile cells 
electrophysiology see electrophysiology 
non-contractile 33 
properties 39-41 
ultrastructure 31-3 
cerebrovascular accident 494 
Chagas cardiomyopathy 477 
chambers (cavities) 
arrangement in mirror image dextrocardia 488 
ECG recording and electrophysiological studies 
within 533-4 
enlargement 
all four chambers 156 
ECG and contrast-enhanced cardiovascular 
MR correlations 18-19 
see also atrial enlargement; ventricular 
enlargement 
channelopathies 16, 461-70 
chaotic atrial tachycardias 316, 318 
chest abnormalities /malformations (thoracic 
abnormalities) 17, 111, 135, 170-1, 190, 393, 
408, 498 
chest leads see horizontal plane leads 
chest pain (acute), presentation with 394-6 
children 
arrhythmias 509-10 
ventricular enlargement 
left 147-8 
right 133 
ventricular hypertrophy, left 149 
see also adolescents; infants; neonates 


544 Index 


chronic obstructive pulmonary disease 
atrial enlargement and 105 
RV enlargement and 128 
chronotropic function with pacemakers 371 
circumflex artery, left (LCX), occlusion 406-7, 
409, 421 
cirrhosis, hepatic 497 
clotting predisposition 441 
coagulation (unwanted) predisposition 441 
computed tomography, multislice 35, 539 
computerization of ECG data 8, 523 
automated 18, 62, 523 
conduction 40 
aberrancy see aberrancy 
anterograde, tachycardias with, over one 
accessory pathway 286 
AV see atrioventricular conduction 
concealed 298-9 
depression 292-9 
rate-determining factors 40 
retrograde see retrograde conduction 
sinoventricular 67, 213, 382, 388, 504 
specific conduction system (SCS) 28-31, 203 
inherited disorders 460 
supernormal 290 
to ventricles of premature supraventricular 
complexes 301-2 
ventricular 29-30, 158 
congenital AV block 515 
congenital heart disease 485-8 
advanced right BBB following surgery for 
164, 168 
chamber enlargement associated with 
atrial 105 
LV 137 
coronary artery defects and anomalies 443, 486 
neonatal ECG 485-6 
congenital long QT syndrome 79, 462-3 
constitutional factors in LV enlargement, 
limitations conditioned by 147-9 
constrictive pericarditis 481 
contractile cells 31-2, 34, 35-7 
activation see activation 
depolarization 35-7 
repolarization 38 
transmembrane diastolic potential 34, 35-7 
contractile system 32 
contrast-enhanced cardiovascular MR 
(CE-CMR) 18-19 
ECG patterns correlated with 8-9, 17, 18-19 
cooling and warming of epicardial zone, 
experimental 217 
cor pulmonale 484-5 
acute 484, 494 
chronic 484-5, 494 
decompensated 130-3 
Cornell voltage criteria 145-6, 146, 147 
coronarography 406 
correlation with 17 
coronary artery 
anatomy 26-7 
angiography see angiography 
blood flow see blood flow 
congenital defects/anomalies 443, 486 
dissection 441 
experimental occlusions 216-17 


correlation between ECG changes /artery 
involved/affected LV area 218-19 
left anterior descending (LAD) 
proximal occlusion 412, 413, 421 
very long, wrapping the apex 414 
left main trunk (LMT), subocclusion or 
equivalent 421 
multivessel occlusion, STEMI in patients with, 
culprit artery determination 416 
percutaneous interventions see percutaneous 
coronary interventions 
spasm. 396, 443-6 
ST changes and artery involved 
NSTE-ACS 234-5 
STE-ACS 239-40 
see also acute coronary syndrome; ischemic 
heart disease 


DDD pacemakers 355, 368, 371 
bicameral 362 
with on-demand tachycardization capability 
(DDDR) 366, 368 
sick sinus syndrome 370-1 
death (mortality) 
atrial fibrillation 319 
from heart disease with advanced left BBB 180 
heart failure 479 
sudden see sudden death 
decompensated cor pulmonale 130-3 
defibrillator, implantable see cardioverter 
defibrillator 
delta wave (of WPW pre-excitation) 203, 205 
neonatal ECG 485 
depolarization 3, 4, 35-7 
in arrhythmogenic RV cardiomyopathy 455-6, 
459 
atrial 4, 42-3 
bundle of His and bundle branches 44 
dipole 3, 4, 37 
electrical axis of see electrical axis 
in ischemia 
evolving STEMI 235 
experimental studies 218 
sum of repolarization and 68 
ventricular see ventricular depolarization 
devices, recording 60-2 
dextrocardia, mirror image 488 
dextrorotation 85 
horizontalization with 89 
verticalization with 88 
diabetes 494 
diagnostic criteria 95-9 
diastole 
transmembrane potential in see transmembrane 
diastolic potential 
digital technology 18, 61-2 
digitalis toxicity 502 
dilated cardiomyopathy 476-9 
diphasic reflection 37 
dipole 34-5 
depolarization 3, 4, 37 
repolarization 3, 4, 38 
diseases 
cardiac see heart disease 
non-cardiac 494-510 
dominant rhythm, determining presence 373 


domino model of cardiac activation 47-8 

drug-induced ECG patterns (incl. arrhythmias) 502 
long QT interval 389, 502, 517 

dual chamber pacemakers 365, 369, 370 

Duchenne muscular dystrophy 498 

dyspnea, acute, ECG changes and 396-7 


Ebstein’s disease 487 
advanced degree right BBB 164 
neonatal ECG 485 
ECG plus (expanded surface ECG) 19 
echocardiography 
atrial abnormalities 103, 120 
hypertension 492 
ventricular enlargement 123 
left 144, 152, 490-1 
right 129 
ectopic focus (atrial) 374 
junctional tachycardia due to 313-6, 381 
children 509 
monomorphic atrial tachycardia due to 
(MAT-EF) 304, 373, 375 
incessant 308 
paroxysmal 307 
ectopic P wave, premature see P’ wave 
ectopic rhythms 67 
aberrancy vs., with wide QRS complexes 318-9 
sinus rhythm misdiagnosed as 381-2 
effective refractory period 40 
effusion, pericardial, pericarditis with large 481 
Einthoven, Willem 11-13, 14 
Einthoven’s law 54, 81 
Einthoven’s triangle 54-5, 80, 81 
Eisenmenger syndrome 128, 486 
elderly people (differences from younger 
adults) 89-90 
LV enlargement 148 
electrical activity 3-10 
methods of recording 3 
pacemaker sensing of/response to 364-5 
triggered 284-5, 334 
see also impulse 
electrical alternans 517 
QRS complex 382, 393, 517 
ST-T alternans 382, 399, 518 
T waves 19, 93, 382, 399, 431, 464, 518 
electrical axis of depolarization and 
repolarization 80-4 
indeterminate 83-4 
rical window of Wilson 249 


io) 
D 
O 


electrocardiography plus (expanded surface 
ECG) 19 
electrodes, placement and misplacement 63 
see also leads 
electrolyte (ionic) imbalances 504-5 
electrophysiology 
cellular 34-52 

to human ECG from 49-52 
intracavitary 533-4 


in ischemia 
experimental ischemia 217-18, 228-9 
Q wave MI 248-9 
ventricular hemiblocks 158-60 
embolism, pulmonary see pulmonary embolism 
emphysema, pulmonary, and atrial 
enlargement 105 


endocrine diseases 494 
endoplasmic reticulum of contractile cells 
(sarcoplasmic reticulum) 32 
epicardial zone, experimental cooling and 
warming 217 
equipment, recording 60-2 
errors and mistakes in recording 63 
escape—capture sequence 381 
escape complex and escape rhythm 354 
escape—ventricular extrasystole sequence 381 
esophageal leads 59, 535-6 
ethnicity see race 
event analyzer 530-1 
excitability (cardiac cell) 39 
supernormal 40 
voltage-dependent recovery of 40 
exercise 526-9 
angina 402, 405, 447 
pathological responses 527-9 
testing in 526-9 
arrhythmias 280 
ischemic heart disease, ST depression 234 
methodology 526 
usefulness 526-7 
expanded surface ECG 19 
expertise, physician’s lack 17-18 
extrasystoles 284, 286 
supraventricular 302 
atrial 286, 318, 323, 384 
ventricular 302, 329, 331, 381 
pacemaker-induced 369 
extreme right and left precordial leads 58 


F waves (atrial fibrillation) 111, 116, 317, 318, 373 


F waves (atrial flutter) 325, 327, 328, 330, 388 
Fahr, George 14 
Fallot’s tetralogy 488 


advanced right BBB following surgery 164, 168 


Familial atrial fibrillation, predisposition 469 
Familial torsades de pointes ventricular 
tachycardia 469 
Fascicles (bundle branch) 30-1, 44 
see also bifascicular block; quadrifascicular 
theory; trifascicular block; trifascicular 
theory 
Fast (rapid) response cells 34 
slow response cells and, differences 40 
see also contractile cells 
Female—male differences 93 
Fibrillation see atria; ventricles 
Fibrilloflutter, atrial 328 
Fibrinolysis (thrombolysis) 406 
ECG changes during 416-17 
Fibrosis, septal, LV enlargement associated 
with 140-1 
Filters 19, 61, 534 
inappropriate use 63 
Flutter 
atrial see atrial flutter 
ventricular 349 
Foot lead, left (VF) 55-7 
Framingham score 146-7 
Framingham study 
hypertension effects 492 
sudden death 493 
LV hypertrophy 153 


Friedreich’s ataxy 500 
Frontal plane (axis) 
BBB, left advanced 173-4, 174, 175-6 
BBB, right 
advanced 166 
inferoposterior hemiblock plus 197-8 
superoanterior hemiblock plus 195 
inferoposterior hemiblock 189, 189-90 
plus RBBB 197-8 
P wave 70 
QRS complex see AQRS 
superoanterior hemiblock 184, 184-6 
plus right BBB 195 
T wave 76, 77-8 
ventricular enlargement 
left 141 
right 126, 128 
Frontal plane leads 5, 54-7 
Funnel chest (pectus excavatum) 77, 111, 135, 
170-1, 393, 415, 418, 466, 467 
Fussion complexes 340, 379 


Galvani, Luigi 11 
Galvanometer, string 11-13 
Gender-related variations 93 
LV enlargement 158 
Genetic causes (inherited /hereditary) of heart 
diseases 453-470 
hypercoagulability 445 
long QT interval 70, 393, 461-3 
short QT interval 70, 389, 463-4 
Genetic testing 541-2 
Glasgow Royal Infirmary score 147 
Goldberger system (leads) 55-6 


Heart 
arrest 362 
in anesthesia 508-9 
cavities see chambers 
cells see cells 
electrical activity see activation; electrical 
activity 
non-ischemic pain 396 
positions 46, 85 
rate 
normal 67 
paroxysmal junctional reentrant 
tachycardia 315 
QT interval corrected for (QTc) 69 
ventricular tachycardia 334-5 
rhythm see arrhythmias; rhythm 
rotations 46, 85 
surgery 
for Fallot’s tetralogy 490 
MI during 449 
pericarditis following 481 
as three-dimensional organ 5, 46 
transplanted 481 
volume changes in LV enlargement 149 
walls see wall 
Heart block 112-14, 158-202, 292-3, 358-62, 
512-5 
Ist degree 296 
2nd degree/Mobitz 292 
type I (Mobitz I) see Wenckebach 
phenomenon 
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type II (Mobitz II) 292, 293 
in hypertrophic cardiomyopathy 456 
myocardial infarction and 437 
see also atrial block; atrioventricular 
block; bundle branch block; hemiblock; 
middle anteroseptal fibers; ventricular 
block 
Heart disease 387-492 
athletes 503 
atrial enlargement associated with 
left 109 
right 105 
BBB associated with 
advanced left 179, 180 
advanced right 167-8 
chronic, arrhythmias 515-16 
clinical usefulness of ECG 391-495 
congenital see congenital heart disease 
evolution 16 
inherited see genetic causes 
ischemic see ischemic heart disease 
mortality, in advanced left BBB 180 
ST changes 229-43 
T wave changes 219-29 
treatment, ECG aiding 19 
ventricular enlargement associated with 
left 137, 141-2 
left and right (biventricular) 153 
right 124, 128 
ventricular premature complexes in 337 
ventricular tachycardias in 338, 339-41 
ventricular tachycardias without evidence 
of 339 
WPW pre-excitation associated with 210 
Heart failure 477-9 
acute right-sided 486 
advanced left BBB and 178, 180 
RV enlargement and 177 
Hemiblock 158, 159, 184-91, 194-8, 514 
combined with RBBB 194-8 
inferoposterior see inferoposterior division 
Q wave MI with 255-71, 444 
superoanterior see superoanterior division 
Hemifield concept 59-60 
Hemochromatosis 500 
Hepatic cirrhosis 499 
Hereditary causes see genetic causes 
Herrick, James 14 
His bundle see bundle (of His); parahisian 
technique 
History of ECG 11-15 
History-taking with arrhythmias 284-5 
Holter monitoring 529-30 
bifascicular block 199 
Horizontal plane (chest) leads 5, 57-8 
BBB, left advanced 174, 178-9 
BBB, right 
advanced 166 
plus inferoposterior hemiblock 198 
plus superoanterior hemiblock 195 
inferoposterior hemiblock 189, 190 
plus RBBB 198 
superoanterior hemiblock 184, 186-7 
plus RBBB 195 
T wave 78 
ventricular enlargement (right) 126, 128-9 
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Horizontalization (horizontal heart) 36, 85 
with dextrorotation 89 
with levorotation 88 
predominating over levorotation 89 
HV interval, prolonged/lengthened 180, 188, 190, 
197, 213 
Hypercalcemia 507 
Hypercoagulability 445 
Hyperkalemia 506 
Hyperkinetic pulmonary hypertension 488 
Hypertension 
pulmonary, and atrial enlargement 105 
systemic/arterial 489-92 
LV enlargement 137, 152, 489-92 
Hyperthyroidism 494 
Hypertrophic cardiomyopathy (HCM) 141, 144, 
453-4 
LV hypertrophy in 151 
premature ventricular complexes in 333 
RV enlargement vs. 136 
Hypertrophy see atria; ventricular hypertrophy 
Hypertrophy 
atrial 103 
ventricular see ventricular hypertrophy 
Hypocalcemia 507 
Hypokalemia 506 
Hypomagnesemia 507 
Hypothermia 506, 508 


Idioventricular accelerated rhythm 347-9 
Imaging (radiology) 17,539 
ECG patterns correlated with 8-9, 17, 
18-19 
atrial abnormalities (generally) 103, 120 
atrial enlargement (left) 109-10 
atrial enlargement (right) 105-7 
ventricular enlargement (in general) 123 
ventricular enlargement (left) 144-7, 147 
ventricular enlargement (right) 129 
new techniques 17 
see also specific modalities 
Immune-mediated cardiomyopathy 515 
Implantable devices see cardioverter defibrillator; 
loop recorder; pacemaker 
Impulse (electrical) 
conduction see conduction 
normal origin 29, 42 
Incessant idiopathic ventricular tachycardia 511 
Incessant junctional reentrant (reciprocating) 
tachycardia 312, 314 
children 510 
Incessant monomorphic atrial tachycardia due to 
ectopic focus 312 
Infants 
ECG variations 89 
newborn see neonates 
Infarction see myocardial infarction 
Infectious diseases 479, 498 
myocardial (incl. cardiomyopathy) 475, 497 
Inferior wall 250 
infarction associated with hemiblock 267 
Inferobasal segment of LV 249-50 
Inferolateral zone and wall 26 
MI 
body surface potential mapping 538 
Q wave 248 


Inferoposterior division (of left bundle 
branch) 30, 44 
block/hemiblock (IPH) 158, 159, 188-91 
differential diagnosis 136, 173, 190 
LBBB plus 198 
Q wave MI associated with 256, 257 
RBBB plus 197-8, 516 
superoanterior hemiblock plus 198 
Inferoposterior zonal block 171 
differential diagnosis 173 
Inflammatory myocarditis, acute 477 
Inherited causes see genetic causes 
Injury vector, ST 229 
Innervation 28-31 
Interatrial block see atrial block 
Intermediate heart position 36 
Internodal tracts 29 
Intracavitary ECG recording and 
electrophysiological studies 534-5 
Intraventricular blocks see ventricular blocks 
Intraventricular conduction system 29-30 
Intrinsicoid deflection time (IDT) 89, 128, 396 
Ion channelopathies 16, 461-70 
Ion imbalances 506-7 
Ischemia (myocardial) 216-79, 402-6 
acute, ECG in 410-13 
experimental mechanisms 216-19, 227-9 
mechanisms 406-13 
myocardial demand increase causing 450-1 
quantification of ischemic burden 419 
severity grading 420 
subendocardial 219, 395, 412, 416, 417, 420, 
446, 450 
subepicardial 219 
Ischemic events, acute 16 
Ischemic heart disease (IHD) 402-448 
BBB associated with 
advanced left 179 
advanced right 168 
chest pain in see angina 
chronic 224, 396 
different clinical settings 406-52 
division into two clinical groups 406 
LV enlargement vs. 151-2 
preoperative ECG 508-9 
ST segment see ST segment changes 
T waves see T waves 
ventricular premature complexes in 337 
WPW pre-excitation associated with 210, 272 
Isotope studies in exercise testing 529 


J waves, acquired and inherited (and J wave 
syndromes) 507, 519-20 
Jervell and Lange-Nielsen syndrome 393 
Junctional tachycardias 309-316, 377 
children 511-12 


Katz—Watchell sign 154, 488 
Kent bundles 203, 204, 211, 212, 313, 316 
Kidney disease 498 


Late potentials, analysis 538-41 
Lateral wall (heart) 250 
transmural injury, ST depression 220 
see also inferolateral zone and wall 
Leads 5, 54-60 


additional, or forms of presentation 19, 58-9, 537 
in arrhythmias 284 
hemifield concept 59-60 
lines 5-6 
with ST depression, number of, and coronary 
artery involved in NSTE-ACS 231-4 
various leads 
Q waves 70 
Rwaves 74 
S waves 75 
T waves 79 
see also specific leads 
see also electrodes 
Left axis deviation, extreme 
in advanced left BBB 177, 180 
in superoanterior hemiblock 188 
CLenegre syndrome 462 
Lev disease 462 
Levorotation 85-7 
horizontalization predominating over 89 
horizontalization with 88 
Lewis, Sir Thomas 13-14 
Lewis lead 58-9, 537 
Limb leads 54-7 
Liver cirrhosis 499 
Long (prolonged) PR interval 392 
bifascicular block with 199 
Long (prolonged) QT interval 79, 389 
acquired 516-17 
in acute coronary syndrome 437 
drug-induced 393, 504, 518 
in ischemia 276 
in torsades de pointes ventricular 
tachycardia 345-46 
genetic causes (congenital long QT 
syndrome) 70, 389, 399, 461 
Longitudinal axis rotations 85-7 
Loop recorder, implantable 532-3 
Lown classification (grading) of premature 
ventricular complexes 329, 330, 334 
type 4B 329, 331, 334 
Lung problems/disorders see entries under 
pulmonary 


Macro-reentry (MR) 286, 304, 308, 323, 375 
Magnesium disturbances 506 
Magnetic resonance, cardiovascular 539 
atrial abnormalities 103 
contrast-enhanced cardiovascular see 
contrast-enhanced cardiovascular MR 
LV enlargement 144, 147 
Magnifying glass, ECG interpretation of 
arrhythmia 280 
Mahaim fibers 203, 204, 205, 212 
Male-female differences 93 
Malignant ventricular arrhythmias (MVAs) 96-8, 
389, 461, 537 
Mann, Hubert 14 
Mean electrical axis of depolarization and 
repolarization see electrical axis 
Membranes, contractile cell 32 
see also transmembrane action potential; 
transmembrane diastolic potential 
Men and women, differences 93 
Micro-reentry 285, 305, 334, 349 
atrial see atria 


Middle anteroseptal fibers of left bundle 
branch 30-1, 44 
block 191-3 
myth or reality of 191-3 
RV enlargement vs. 136 
Mines, G Ralph 14 
Minnesota code 523 
Mirror image dextrocardia 488 
Mirror image of Q wave of necrosis 250 
Mistakes and errors in recording 63 
Mitochondria of contractile cells 32 
Mitral valve disease 473 
P wave abnormalities 120, 473 
prolapse 473 
regurgitation 473 
stenosis 473 
left atrial enlargement 109 
RV enlargement 128 
Mobitz I block see Wenckebach phenomenon 
Mobitz II block 292, 293 
AV block 360 
Monomorphic atrial tachycardias 303-9 
of ectopic focus see ectopic focus 
of macro-reentry 304, 375 
Monomorphic ventricular tachycardia 334-45 
Monopolar stimulation spike (pacemaker) 362 
Mortality see death 
Multislice scanner 35, 539 
Murphy et al criteria (QRS voltage in LV 
enlargement) 146 
Muscular dystrophy 498 
MUSIC risk score (death in heart failure) 479 
Myocardial bridging 446-7 
Myocardial cells see cells 
Myocardial demand, increased 402, 404 
ischemia due to 450-1 
Myocardial infarction (MI) 16, 402-41 
angiographic findings 407 
antiarrhythmic drugs and post-infarction 
sudden death 504, 517 
atrial see atria 
chronic 438 
clinical findings 407 
confounding factors (incl. concurrent 
conditions) 444 
inferior, WPW pre-excitation vs. 210 
inferolateral zone see inferolateral zone 
lateral 
RV enlargement vs. 135 
WPW pre-excitation vs. 210 
non-Q wave see non-Q wave MI 
non-ST segment elevation see non-ST segment 
elevation MI 
pathological findings 407 
peri-procedural 449-50 
progress in Hospital 420 
Q wave see Q wave MI 
QRS narrowing 244, 406-13, 438-44 
septal see septal wall 
ST segment elevation see ST segment elevation 
MI 
treatment 407 
vector theory 244 
ventricular see ventricles 
ventricular block in see ventricular block 
ventricular tachycardia in 338 


Myocardial ischemia see ischemia; ischemic 
events; ischemic heart disease 
Myocarditis 475-6 
pericarditis and 483 
T waves 227, 483 
Myotonic muscular dystrophy 498 
Myxedema 494 


Necrosis 222 
Q wave of 216, 218, 243-51 
quantification 440 
Negative predictive value (NPV) 96 
Neonates (newborns) 
adult ECG differences from 89 
congenital heart disease 487-8 
ventricular enlargement 
right 133 
right and left (biventricular) 154-5 
Nerve supply 28-31 
Neuromediated syncope, diagnosis 539 
Neuromuscular diseases 498 
New York Heart Association (NYHA) score, left 
atrial enlargement 110 
Newborns see neonates 
NON-Q wave MI 435, 436 439, 440 
Q wave MI vs. 244-5 
Non-ST segment elevation acute coronary 
syndrome (NSTE-ACS) 404 
patterns on ECG 408 
ST depression 230, 408, 416, 424-9 
T wave in 224 
Non-ST segment elevation MI (NSTEMI) 16, 404, 
418-429 
ECG patterns: table 20.4 
angiographic findings 407 
BBB and 434 
clinical findings 407 
ECG pattern changes to STEMI from 431 
evolving 424 
in-hospital prognosis 420 
management and the importance of ECG in 
identification of 410-11 
pathological findings 407 
treatment 407 
Normal ECG characteristics 67-93 
Novacode 523 
NYHAC score, left atrial enlargement 110 


Obesity 94 
LV enlargement 148 
Older people see elderly 
I (limb lead one) 54-5 
Q wave 71 
Rwave 74 
S wave 75 
T wave 77,79 
Oversensing by pacemakers 372-3 


Pcells 33 
P congenitale 105, 111, 390 
P loop (vectorcardiography) 43, 50,526 
P mitrale 109, 473 
P waves 42-3, 48, 70-2, 103, 390 
in acute coronary syndrome 436-7 
atrial block 
Ist degree 113-14 
2nd degree 114 
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3rd degree 114 
atrial dissociation 116 
atrial enlargement 
left 104, 110, 111 
right 104, 105, 106-7 
right and left (bi-atrial) 112 
atrial fibrillation 116, 320-1 
atrial infarction 117, 119 
atrial repolarization disturbances 118-20 
axis 
abnormal 394 
in frontal plane 70 
clinical implications of abnormalities 120-1 
dispersion 117 
Ebstein’s disease 489 
in ischemia 276 
low-voltage, sinus rhythm with 322 
mitral stenosis 120, 473 
morphology 70-2 
morphology abnormalities 394 
in acute pulmonary edema, transient 121 
variable morphology in same tracing 383 
pacemaker sensing 370 
paroxysmal junctional reentrant 
tachycardia 315-16 
polarity 70-2 
premature ectopic see P’ wave 
signal averaged duration 103 
sinus tachycardia 306 
in step-by-step approach to arrhythmia 
diagnosis in clinical practice 383 
ventricular enlargement, left 146 
voltage 70-2 
abnormalities 394 
P’ wave (premature ectopic P wave) 
monomorphic atrial tachycardias 307,377 
premature supraventricular complexes 305 
Pacemaker (implantable) 364-71, 511-2 
choosing 374-5 
complications 372-4 
congenital AV block 515 
implantation protocols 375 
interpreting unknown pacemaker ECG 311-14 
Q wave MI in patients with 271, 444 
RBBB plus superoanterior hemiblock 198 
sick sinus syndrome 374-5, 375, 511 
technological evolution 368-71 
Pacemaker syndrome 369-370 
Pain (acute), chest, presentation with 394-7 
Palpitations, rapid, ECG changes with 397-9 
Papillary muscle infarction 432 
Parahisian technique 371 
Parasystoles 290-292 
ventricular 333, 335, 338, 349 
Parkinson, Sir John 14 
Parkinson’s disease, atrial flutter simulation 65 
Paroxysmal atrial fibrillation 286, 317, 319 
Paroxysmal monomorphic atrial tachycardia due 
to ectopic focus 307 
Paroxysmal supraventricular rhythms with QRS 
complex <0.12s and r’ in lead V1 382-4 
Paroxysmal tachycardias 
supraventricular 288, 313, 315-16, 316-17, 386-8 
children 513 
tips and recommendations 284 
WPW pre-excitation 205, 209, 210, 211 
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Pause (in active arrhythmias) 384 
analysis 382 
Pectus excavatum 77, 111, 135, 170-1, 393, 408, 
413, 466, 467 
Percutaneous coronary interventions (PCI) 405, 
408 
ECG during 423-4 
MI during 449-50 
Pericardial disease 480-3 
Pericarditis 397, 480-3 
atrial fibrillation disturbances 119, 121 
chronic 227 
constrictive 483 
differential diagnosis 399, 400 
idiopathic 483 
myocarditis and see myocarditis 
post-cardiac surgery 483 
T waves 227, 483 
Peripartum cardiomyopathy 508 
Perugia score 146, 147 
Pheochromocytoma 497 
Pleomorphism, ventricular tachycardia 346-47 
Pneumothorax 494 
Point score systems, LV enlargement 145, 146-7 
Polarity 
atrial wave, analysis 377-8 
P wave 70-2 
QRS complex 72 
T wave 76-8 
Polymorphic ventricular tachycardias 333, 
345-48, 516 
catecholaminergic 351, 467, 469 
Positive predictive value (PPV) 96 
tachycardias with wide QRS complexes 341-2 
Postnatal period (puerperium) 508 
Postoperative period 
ECG 511 
pericarditis following cardiac surgery 483 
Potassium disturbances 504 
P/PR segment ratio, left atrial enlargement 111 
PR interval 67, 388 
long see long PR interval 
short (and short PR pre-excitation) 203, 205, 
212-15, 386, 392 
in WPW pre-excitation 204-5 
PR segment 67-8 
in acute coronary syndrome 436-7 
in atrial repolarization disturbances, depression 
and elevation 119 
in pericarditis 483 
see also P/PR segment ratio 
Precordial leads 
bipolar (Lewis lead) 58-9, 537 
in RV enlargement 130-2 
in inferoposterior hemiblock 190 
left 
extreme 58 
in RV enlargement 128 
right 
extreme 58 
in LV enlargement 152 
prominent precordials vs. RV 
enlargement 136 
in superoanterior hemiblock 186 
Predictive value (PV) 96-8 
arrhythmias 285 


tachycardias with wide QRS 
complexes 341-2 
Pre-excitation (ventricular) 203-15 
advanced right BBB in 168 
atypical 180, 203, 205, 212 
genetically determined 469 
myocardial infarction and 444 
short PR interval 203, 205, 212-15, 386, 392 
Wolff-Parkinson—White see Wolff—Parkinson— 
White pre-excitation 
Pregnancy 508 
Premature and repetitive complexes 279 
Premature complexes/beats/contractions 279 
analysis in step-by-step approach to arrhythmia 
diagnosis in clinical practice 382 
athletes 501 
children 515 
in chronic heart disease 515 
extrasystolic see extrasystoles 
interatrial block (2nd degree) induced by 114 
parasystolic see parasystoles 
supraventricular 295-7 
ventricular see ventricular premature complexes 
Premature ectopic P wave see P’ wave 
Premature newborns, differences from adults 89 
Preoperative ECG 508 
Prinzmetal (variant) angina 443-6 
Prolonged PR and QT intervals see long PR 
interval; long QT interval 
Psychiatric diseases 498 
Puerperium 508 
Pulmonary disease, chronic obstructive see 
chronic obstructive pulmonary disease 
Pulmonary edema, acute, transient P wave 
morphologies 121 
Pulmonary embolism 396 
advanced right BBB and 168 
incor pulmonale 484 
differential diagnosis from other causes of 
cardiovascular pain 396 
RV enlargement and 133 
Pulmonary emphysema 
atrial enlargement and 105 
in cor pulmonale 485 
Pulmonary hypertension 485 
atrial enlargement and 105 
hyperkinetic 486 
primary 484, 485, 494 
Pulmonary valve stenosis, congenital 130, 487-8 
Purkinje cells 33 
Purkinje network 31 
reentry and 285 


q wave absence in I/VL/V6 in patients with QRS 
complex < 0.12s 393 
Qwave 72 
distortion in ischemia 274 
false, due to hemiblocks 268 
in hypertrophic cardiomyopathy 453, 457 
MI without 437-9 
see also Q wave MI 
of necrosis see necrosis 
neonatal 485 
Q wave MI 248-60, 436-7 
confounding factors/conditions 439-41 
hemiblock 265-4, 440-1 


diagnostic criteria 436 
errors in diagnosis 64 
evolution of ECG pattern 436 
location 250-9, 436-7 
necrosis see necrosis 
new classification 250 
non-Q wave MI vs 249 
in pacemaker patients hemiblock 272-4, 441 
Wolff-Parkinson—White pre-excitation 
associated with 210, 272 
QRS complex 72, 377-8 
alternating 382, 393, 517 
axis in frontal plane see AQRS 
bigeminal 381 
cadence 377-8 
delayed/late 378-9 
delayed diffuse intraventricular activation 200 
fractioned 218, 259-60, 439 
in patients without ischemia heart 
disease 260-1 
narrow 248-60, 404-6, 520 
acute coronary syndrome (incl. MI) 242, 
402-29, 434-39 
ventricular tachycardias 343 
normal 72 
origin 4 
pacemaker undersensing 369 
polarity/morphology/voltage 72 
rate 378 
in step-by-step approach to arrhythmia 
diagnosis in clinical practice 377-9 
of variable morphology in same tracing 379 
wide 338-3, 382, 429-30 
aberrancy see aberrancy 
BBB and 429-30 
ectopy 318-19 
LV hypertrophy and 225-7, 246, 429 
tachycardias with see tachycardia 
width and morphology 377 
QRS complex changes /abnormaalities 
(disorders with) 248-74 
in acute coronary syndrome 433 
arrhythmogenic RV cardiomyopathy 455 
atrial enlargement (right) 104, 106, 112, 120 
combined with P wave criteria 107 
atrial fibrillation 317-18 
atrial flutter 324-5 
BBB, left 430 
advanced 175, 177-9 
partial 182 
BBB, right 430 
advanced 166 
inferoposterior hemiblock plus 197-8 
superoanterior hemiblock plus 194-5 
duration abnormalities (in general) 391-2 
escape complex and escape rhythm 354 
heart failure 477-9 
inferoposterior hemiblock 189, 189-90, 190 
plus RBBB 197-8 
paroxysmal supraventricular rhythms 382-4 
junctional reentrant tachycardia 311-12 
paroxysmal monomorphic atrial tachycardia 
due to ectopic focus 307 
sudden death risk 521 
superoanterior hemiblock 184, 184-7 
plus RBBB 194-5 


ventricular enlargement 
left 138-41, 145-6 
left and right (biventricular) 154 
ventricular flutter 348, 349 
ventricular premature complexes 329, 331, 434 
ventricular tachycardia 335-7 
voltage abnormalities (in general) 390-1 
WPW pre-excitation 205-8 
QRS loop (vectorcardiogram) 6, 50,526 
inferoposterior hemiblock 188-9 
in differential diagnosis 190 
left BBB 
Ist degree 181 
3rd degree (complete) 174, 263 
left ventricular enlargement 137-8 
RV enlargement 124-9, 190 
progressive anterior and right 
displacement 124-9 
progressive posterior and right 
displacement 128-9 
superoanterior hemiblock 184 
ORS tachycardia, broad, differential diagnosis 16 
QRS-T (angle/complexes) 76 
RV enlargement 124-9 
QS in right precordial leads in LV 
enlargement 152 
QT (or QTc) interval 69-70, 388-90 
corrected for heart rate (QTc) 69 
dispersion 389-90, 463 
long/prolonged see long QT interval 
short see short QT interval 
quadrifascicular theory 31, 44, 158, 184 


r wave absence in V1 (V1-V2) in patients with 
QRS complex < 0.12s 393 
R waves 72 
morphologies with significant or predominant 
R wave in V1 392-3 
neonatal 485 
origin 4 
ventricular enlargement (right) 126, 126-8 
differential diagnosis 136 
ventricular enlargement (right and left / 
biventricular) 154 
ventricular tachycardia 336 
race (ethnicity) 94 
LV enlargement 148 
radioisotope studies in exercise testing 529 
radiology see imaging 
rapid response cells see fast response cells 
recording 
devices 60-2 
leads see leads 
techniques 62-3 
reentry (reentrant arrhythmias) 285-90 
AV junctional tachycardias 286, 309-13 
children 309 
bundle branch 334 
see also macro-reentry; micro-reentry 
refractory period 39-40 
regression models, LV enlargement 145, 147 
relative refractory period 40 
relaxation (resting phase), contractile cells 32, 48 
renal disease 498 
repetitive arrhythmia analysis 381 
repetitive complexes, premature and 279 


repetitive (repeated) non-sustained monomorphic 
ventricular tachycardia 344-5 
repolarization 3, 5, 38-9 
age-related variations 
childhood 89 
elderly 90 
alternating 517 
atrial see atria 
dipole 3, 4, 38 
early 519-20 
differential diagnosis 395, 396 
electrical axis of see electrical axis 
phases 38-9 
polarities of cellular vs. human repolarization 
wave 49-50 
sum of depolarization and 68 
ventricular see ventricular repolarization 
repolarization alterations/abnormalities 79-80, 
118-20, 393-400 
alcoholism 503 
in arrhythmogenic RV cardiomyopathy 456, 459 
athletes 499 
conditions causing subtle changes 94 
in cor pulmonale 485 
drug-related 502 
Holter monitoring 529 
in hypertrophic cardiomyopathy 457 
from innocent to very serious findings 393-400 
in ischemia 228-48 
chronic, in Q wave MI 265 
experimentally induced 217-19 
mixed (primary and secondary) 80 
in myocarditis 475 
primary 80 
secondary 80 
in WPW pre-excitation 208 
respiratory diseases 494 
restrictive cardiomyopathy 476 
resynchronization pacemakers 362, 366-7 
retrograde conduction 
advanced interatrial block with left 
atrial 512-13 
tachycardia with 286 
rheumatic disease 498 
rheumatic fever 484 
rheumatic heart disease 485 
left atrial enlargement 109 
rhythm 
abnormal see arrhythmias 
ambulatory cardiac telemetry in recording of 533 
dominant, determining presence 373 
ectopic 67 
normal see sinus rhythm 
right axis deviation in advanced left BBB 177 
Romano-Ward syndrome 389 
Romhilt-Estes score 146, 147 
Rosenbaum-Elizari’s syndrome 199, 515 
RR changes /irregularities 
aberrant conduction with 295, 297 
aberrant conduction without 298 
sinus tachycardia 303 


S waves 72 
ventricular enlargement 
right 126 
right and left (biventricular) 154 
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sarcoidosis 498 
sarcolemma 32 
sarcomeres 32 
sarcoplasmic reticulum 32 
sensing by pacemakers 364-6 
problems 368-9 
sensitivity 96 
arrhythmias 280 
atrial abnormalities 103 
ventricular enlargement 129, 130, 133, 144 
septal wall 253 
congenital defects 486 
fibrosis, LV enlargement associated 
with 140-1 
infarction 
hemiblocks masking 268 
RV enlargement vs. 136 
rupture 432 
see also anteroseptal zone and wall 
sex see gender 
short PR interval (and short PR 
pre-excitation) 203, 205, 212-15, 382, 388 
short QT interval 70, 388-9 
genetic causes (short QT syndrome) 70, 388, 
463-4 
sick sinus syndrome 511 
pacing 370-1, 511-12 
signal averaging electrocardiogram 
(SAEGG) 536-9 
sinoatrial block 358, 381 
sinoventricular conduction 67, 213, 382, 388, 504 
sinus bradycardia 511-12 
athletes 504 
severe 511-12 
sinus automaticity depression causing 354-8 
sinus complexes, delayed 378-9 
sinus node 28-9 
automaticity 39 
sinus bradycardia due to depression of 
354-8 
impulse origin 29, 42 
P waves 390 
sinus rate, assessment 374 
sinus rhythm 67 
atrial fibrillation in see atrial fibrillation 
atrial flutter (2 x 1) vs 382 
with low-voltage P waves 318 
misdiagnosed as ectopic rhythm 381-2 
paroxysmal junctional reentrant 
tachycardia 311 
in ventricular pre-excitation 205 
atypical pre-excitation 205, 212 
WPW pre-excitation 205, 209 
in ventricular tachycardia 334 
with Wenckebach-type AV block 381 
sinus tachycardia 302-3 
RV enlargement and 133 
slow response cells (automatic) 34, 38-9 
capacity of fibers to transmit stimuli to 
neighbouring cells from 40 
rapid response cells and, differences 40 
repolarization 38-9 
transmembrane action potential origin in 35 
transmembrane diastolic potential 34 
Sokolow-Lyon criteria 145 
spasm, coronary 396, 443-6 
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specificity 95-6 

arrhythmias 281 

atrial abnormalities 103 

ventricular enlargement 129, 130, 131 
speed (ECG recording) 63 
spongiform cardiomyopathy 458-60 
ST segment 72-6 


depressed 118-19 

elevated 119 
Steinert’s disease 498 
stimulation (pacemaker) 


supraventricular tachycardia/ 
tachyarythmias 302-27 
aberrant, misdiagnosed as ventricular 
tachycardia 382 
monopolar vs bipolar spike 362 classification 303 
problems 368 mechanisms 285 


“strain pattern” 124, 142, 151, 152, 246, paroxysmal see paroxysmal tachycardia 


injury vector 229 
measuring shifts 74-6 
normal variants 72-4 
of variable morphology in same tracing 379 
ST segment changes/deviations 379 
BBB 228-48 
advanced (complete) left 179, 246 
advanced (complete) right 166 
cardiovascular non-ischemic pain with 396-7 
inferoposterior hemiblock 190 
in ischemia (experimental studies) 218, 228-9 
depression 229-35 
elevation 235-46 
in ischemia (humans) and ischemic heart 
disease 225-7, 229-48, 407-10, 420-5 
acute coronary syndrome evolving to MI, 
persistence of ST elevation 432 
acute coronary syndrome with non-ST 
elevation 420-9 
acute coronary syndrome with ST 
elevation 420-5 
atypical ECG patterns (depression) 408-9 
quantification of ischemic burden based on 415 
resolution 408 
typical ECG patterns 407-8 
pericarditis 481, 483 
primary 80 
superoanterior hemiblock 188 
ventricular enlargement 
left 141-3, 146, 246 
right 132, 133, 136 
ST segment elevation acute coronary syndrome 
(STE-ACS) 402 
Q wave of necrosis in evolution of 249 
ST depression 230 
ST elevation and location of occlusion 239-40 
T wave 224-5 
ST segment elevation MI (STEMI) 16, 402, 412, 
416-17 
angiographic findings 405 
atypical ECG patterns 
BBB and 430 
clinical findings 405 
diagnostic approach 394-6 
ECG pattern change from NSTEMI to 424-7 
evolving 412 
poor prognostic signs 415-16 
ST elevation in 235-40, 408 
in-hospital prognosis 415 
management and the importance of ECG in 
identification of 406 
pathological findings 405 
patterns on ECG 407 
treatment 405 
typical ECG patterns 


ST-T alternans 382, 399, 18 


see also T waves, alternans of 
ST-Ta (atrial repolarization wave) 43, 118-19 


473-4, 488 
stress testing in ischemic heart disease, ST 
depression 231 
see also exercise 
string galvanometer 11-13 
stroke (cerebrovascular accident) 494 
subarachnoid hemorrhage 494 
subendocardial ischemia 219, 395, 411, 415, 431, 
443, 447 
subepicardial ischemia 219 
sudden death/SD (risk of) 511-21 
antiarrhythmic drugs and post-infarction 
SD 502,517 
athletes 501 
children 510 
congenital AV block 515 
hypertension (with associated arrhythmias) 
491 
inherited heart diseases 454 
arrhythmogenic RV cardiomyopathy 456 
Brugada syndrome 464-8 
catecholaminergic polymorphic ventricular 
tachycardia 467, 469 
hypertrophic cardiomyopathy 454 
long QT syndrome 389, 461-463 
short QT syndrome 388, 463-4 
ischemic causes 402 
with normal/near normal ECGs 521 
patterns suggesting 16 
torsades de pointes 389, 461 
ventricular fibrillation 349, 350 
WPW syndrome 211, 212 
supernormal conduction 290 
supernormal excitability 40 


superoanterior division (of left bundle branch) 30, 


44 
block (hemiblock; SAH) 158, 159, 184-8, 
267-74 
inferoposterior hemiblock plus 198 
left 171 
left BBB plus 198, 198-9 
left ventricular hypertrophy associated 
with 152, 179 
partial 188 
Q wave MI associated with 267-74 
right BBB plus 194-7, 514 
superoanterior zonal block 171 
differential diagnosis 171-3 
supraventricular arrhythmias (in general) 280, 
301-28 
active 301-28, 376 
algorithms for detecting 376,375 
atrial activation waves morphology in 373-4 
atrial fibrillation differentiated from other 
types 318 
in Brugada syndrome 466 
supraventricular extrasystoles see extrasystoles 
supraventricular premature complexes 295-6 


surface ECG (basic aspects) 
athletes 498-9 
future 18-19 
interpretation in light of patient’s clinical 
setting 523 
in ischemia induced by experimental coronary 
artery occlusion 218 
limitations 17-18 
utility 16-17 
what it is 3-6 
surgery 508-9 
cardiac see heart 
syncope 
neuromediated, diagnosis 539 
unexplained, implantable loop recorder to 
determine cause of 532-3 
systemic diseases 498 
systemic hypertension see hypertension 


T loops 47, 50, 526 
LV enlargement 137-8 
T waves 48, 76-8, 379, 399-400 
alternans of 19, 93, 382, 399, 431, 518 
arrhythmogenic RV cardiomyopathy 455 
axis on frontal plane 76 
BBB 
advanced left 179 
advanced right 166 
differential diagnosis of abnormalities 
in 399—400 
filtering 19, 534-5 
inferoposterior hemiblock 190 
in ischemia 219-28, 422-3 
in acute coronary syndromes 430, 431 
in chronic ischemia 225 
differential diagnosis 227-8 
experimental studies 216, 217, 217-18, 219 
flat or negative 224-8, 406, 407, 412, 419, 
422-3 
in ischemic heart disease 219-25, 406, 407, 
412, 419, 420, 422-3 
in non-ischemic heart diseases and other 
situations 227-8 
peaked-symmetrical-wider and/or 
taller 219-24, 226 
positive 221, 225 
tall/taller 219-8, 410-12, 415, 431 
non-ST elevation MI 406 
origin 4,5 
pericarditis 227, 481 
polarity/morphology/voltage 76-8 
primary disturbances 80 
short QT syndrome 463-4 
superoanterior hemiblock 188 
of variable morphology in same tracing 379 
vectocardiographic curve of see T loops 
ventricular enlargement (left) 141-3, 146, 225 
neonatal 485 


ventricular enlargement (right) 126, 130-1, 133 


differential diagnosis 136 
ventricular premature complexes 434 
very deep 144, 151, 224, 423, 431 
see also QRS-T; ST-Ta 
table tilt test 539 
tachycardia (and tachyarrhythmia) 
angina secondary to 441-2 
with anterograde conduction over one 
accessory pathway 286 
antidromic 312 
atrial, monomorphic 303-9 
broad QRS, differential diagnosis 16 
children 509-10 
fast-slow 287-8, 309, 312 
future, ECG suggesting 16 
in ischemia 274 
junctional see junctional tachycardias 
in long QT syndrome 463 
mechanisms 282-3 
pacemaker-induced 369 
paroxysmal see paroxysmal tachycardias 
with retrograde conduction 286 
sinus see sinus tachycardia 
slow-fast type 286, 309, 311-12 
supraventricular see atria 
ventricular see ventricular tachycardia 
in ventricular pre-excitation 205 
atypical pre-excitation 212 
WPW pre-excitation 205, 209, 210, 
211, 212 
with wide QRS complexes 335, 533 
differential diagnosis 338-43 
tachycardia—bradyarrhythmia (bradycardia— 
tachycardia) syndrome 317,511 
Tako-Tsubo syndrome 238, 396, 442-3, 476 
Talbot et al criteria (QRS voltage in LV 
enlargement) 146 
tamponade, cardiac/pericardial 483 
techniques of recording 62-3 
telemetry 
ambulatory cardiac 533 
techniques 530-3 
tetralogy of Fallot see Fallot’s tetralogy 
thoracic abnormalities 17, 111, 135, 170-1, 190, 
393, 408, 498 
III (limb lead two) 54-5 
Q wave 71 
Rwave 74 
S wave 75 
T wave 77-9 
three-dimensional organ, heart as 5, 46 
three-fascicular theory see trifascicular block; 
trifascicular theory 
Thrombolysis in Myocardial Infarction (TIMI) 
risk score 415 
see also fibrinolysis 
thrombophilias, hereditary 441 


thrombosis (and atherothrombosis) causing blood 


flow decrease 402, 406-41 

thyroid disease 494 

tilt table test 539 

TIMI risk score 415 

torsades de pointes ventricular tachycardia 
345-6, 516 


classical 345-6 
familial 469 
sudden death 389 
raining-related ECG findings 498-9 
ransesophageal recording (esophageal leads) 59, 
526 
ransitional cells 33 
ransmembrane action potential (AP) 34-9, 411 
in experimental ischemia 216-17, 217, 219, 228 
summation of the TAPs 219, 229 
ransmembrane diastolic potential (DP) 34, 35-6 
baseline level of previous 294 
rate of rise 294 


ransmural involvement/injury 
complete, acute coronary syndrome with 402 
lateral wall, ST depression 220 
non-complete, acute coronary syndrome 
with 402-4 
transplanted heart 479 
transversal axis rotations 87-8 
transverse tubular system 32 
tricuspid valve 
atresia 486 
regurgitation secondary to mitral tight 
stenosis 473 
trifascicular block 159 
trifascicular theory 30, 44, 158, 183 
triggered electrical activity 284-5, 334 
Trypanosoma cruzi and Chagas 
cardiomyopathy 477 
II (limb lead three) 54-5 
Q wave 71 
Rwave 74 
S wave 75 
T wave 79 


U wave 78-9 
in acute coronary syndrome 433 
in ischemia 274 
negative 79 
non-ST elevation MI 419 
undersensing by pacemakers 369 


V1-V6 

Q waves 71 

R waves 74 

S waves 75 

T waves 79 
V3R and V4R leads 58 
V7 leads 58 
valvular heart disease 473-5 

acquired 473-5 

see also rheumatic heart disease 

congenital 486-8 

left atrial enlargement 109 

P wave abnormalities 109, 120 

see also specific valves 
variants (normal) 93 

age-related see age-related values 

and variations 

ST segment 72-4 
vector 1 (ventricular depolarization) 45 
vector 2 (ventricular depolarization) 45, 46 
vector 3 (ventricular depolarization) 45-6 
vectorcardiography 3, 6-8, 524-6 
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ECG correlations 8, 9, 60 
ECG preferred to (and limitations of) 8-9 
P loop 43, 50, 526 
QRS loop see QRS loop 
synthesizing loops from 12-lead ECG 19 
T loop see T loops 
usefulness 526 
ventricles 
aberrant conduction 294 
activation 44-7 
pacemakers, preservation of normal 
activation 370-1 
activity analysis with arrhythmias 281 
aneurysm 432 
apical right pacing 371 
in atrial fibrillation, response 317-18 
in atrial flutter 324-5 
bigeminy 381 
conduction from atria to see atrioventricular 
conduction 
conduction of premature supraventricular 
complexes to 301-2 
conduction system 29-30, 158 
dysfunction in left advanced BBB 180 
dysplasia, arrhythmogenic right see 
arrhythmogenic RV dysplasia 
extrasystoles see extrasystoles 
fibrillation 349-50 
in acquired long QT 516 
in ischemia 274 
pacemaker-induced 369 
flutter 348-9 
infarction 
left, basal parts 439 
right 439 
inferobasal segment of LV 253 
in ischemia, left 
experimental studies, correlation between 
ECG changes/coronary artery involved 
and affected LV area 218-19 
T wave duration and reversibility of 
damage 227 
reentrant circuit location 286 
resynchronization pacemakers 367 
septal defect 486 
transient LV apical ballooning 
(Tako-Tsubo syndrome) 238, 396, 
442-3, 476 
vulnerable period 41 
walls 25-8 
zones of LV 26-7 
see also entries under biventricular 
ventricular arrhythmias 280 
in acute coronary syndrome 431 
in arrhythmogenic RV cardiomyopathy 456 
in chronic heart disease 515 
malignant (MVA) 96-8, 389, 462, 537 
Wolff-Parkinson—White pre-excitation and see 
Wolff-Parkinson—White syndrome 
see also specific types (main entries below) 
ventricular blocks 158-202, 513-15 
Ist degree 158 
2nd degree 158, 294-5 
3rd degree 158 
anatomic considerations 158 


552 Index 


ventricular blocks (cont’d) 
biventricular hypertrophy diagnosis in presence 
of 155 
combined 193-9 
definition of terms 158 
divisional 183-91 
right 171 
electrophysiological considerations 158-60 
in ischemia 274 
LV hypertrophy diagnosis in presence of 152 
masked 195-7 
by Q wave MI 267 
masking of Q wave infarction 267-8 
middle fibers block 191-3 
myocardial infarction with 168, 261-74 
Q wave 261-74 
peripheral 159 
proximal 158-9 
RV enlargement diagnosis in presence of 136-7 
zonal right 136, 171-3, 188 
see also bundle branch block 
ventricular complexes, premature see ventricular 
premature complexes 
ventricular depolarization 4, 44-6 
in ventricular block 161 
advanced left BBB 180 
advanced right BBB 162-3 
ventricular dilation 123, 124-37 
left 137-53 
LV hypertrophy vs 149 
right 124-37 
acute 130 
ventricular enlargement 123-57 
atrial enlargement combined with 156 
concept 123 
homolateral, in ventricular block 161 
left 137-53 
advanced left BBB and 179 
advanced left BBB vs. 180 
advanced right BBB and 168 
in aortic valve disease 473, 474 
clinical implications 152-3 
concept and associated diseases 137 
diagnosis in clinical practice 147 
diagnostic ECG criteria 144-7 
differential diagnosis 151-2 
in hypertension 137, 152, 489-92 
in hypertrophic cardiomyopathy 457 
limitations of diagnostic criteria 147-9 
mechanisms of ECG changes 137-44 
prognosis 153 
ST segment changes 141-3, 146, 246 
T waves changes see T waves 
value of other ECG techniques 149 
left and right (biventricular) see biventricular 
enlargement 
right 124-37 
advanced left BBB and 179 
advanced right BBB and 167 
clinical implications 137 
concept and associated diseases 124 
in cor pulmonale 484 
diagnosis in clinical practice 130 
diagnostic ECG criteria 129-30 


differential diagnosis 135-6, 171-3, 173, 
190, 210 
mechanisms of ECG changes 124-9 
regression of ECG signs 133-5 
special characteristics of some types 130-3 
ventricular hypertrophy 123, 124-37 
left 137-53 
acute coronary syndrome and 429 


diagnosis in presence of ventricular blocks 152 
domination in biventricular hypertrophy of 


ECG manifestations of 154 
importance of degree of 146 
indirect signs 149-51 
LV dilation vs. 149 
regression of ECG signs 151 
RV dilation vs. 136 


special characteristics of some types 149-51 


“strain pattern” 124, 142, 151, 152, 246, 
473-4, 488 

superoanterior hemiblock associated 
with 152, 179 

T waves 227 

and wide QRS 227, 246, 429-30 

WPW pre-excitation vs. 210 


left and right see biventricular enlargement and 


hypertrophy 
right 124-37 
ventricular parasystoles 329, 331, 334, 345 
ventricular pre-excitation see pre-excitation 


ventricular premature complexes (PVCs) 329-33, 


434 
clinical implications 331-3 
concept and mechanisms 329 
ECG diagnosis incl. differential diagnosis 
329-31, 434 
interatrial block (2nd degree) induced by 114 
interpolated 298 
in ventricular tachycardia 334, 344, 345, 346 
ventricular repolarization 46-7 
heterogeneous dispersion 334 
left BBB, advanced 175 
right BBB 
advanced 163 
inferoposterior hemiblock plus 198 
partial 169 
superoanterior hemiblock plus 195 
ventricular tachycardias and 
tachyarrhythmias 333-47 
aberrant supraventricular tachycardia 
misdiagnosed as 382 
in acquired long QT 516-7 
atrial fibrillation in WPW syndrome vs 
319, 337 
bidirectional 347 
in chronic heart disease, sustained 515 
classical 334-38 
incessant idiopathic 509 
mechanisms 285, 334 
monomorphic 333-45 
pleomorphism 346 
polymorphic see polymorphic ventricular 
tachycardias 
torsades de pointes see torsades de pointes 
ventricular tachycardia 


see also ventricular arrhythmias 
ventriculogram, WPW pre-excitation 205-8 
verticalization (vertical heart) 36, 85, 89 
with dextrorotation 88 
VF (left foot lead) 55-7 
T wave 77-8 
see also aVF 
VL (left arm lead) 55-7 
T wave 78 
see also aVR 
voltage (amplitude) 
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day-to-day variations 149 
QRS complex 145, 145-6 
sum of 12 leads 146 
P wave 70-2 
Q wave 71 
Rwave 74 
S wave 75 
T wave 79 
voltage-dependent recovery of excitability 40 
VOO pacemaker 364 
VR (right arm lead) 55-7 
see also aVR 
vulnerable period 41 
VVI pacemakers 365, 368 
with on-demand tachycardization capability 
(VVIR) 366, 368, 371 
AV node ablation plus 366-7 


wall(s) (heart) 
anatomy 25-8 
anterior see anterior wall; anteroseptal zone 
and wall 
inferior see inferior wall; inferolateral zone 
and wall 
lateral see inferolateral zone and wall; lateral 
wall 
Q wave MI and location in 250-9 
rupture in MI 432 
septal see septal wall 
Waller, Augustus D 11 
wave amplification techniques 534-6 
wave filters see filters 
Weidmann, Silvio 14 
Wenckebach phenomenon (Mobitz type I 
block) 292-3 
alternating 293 
atypical 293 
AV node 361-2 
sinus rhythm with 381 
sinoatrial node 358 
White, Paul Dudley 14 
Wilson, Frank N 14 
Wilson system (leads) 55 
Wilson’s electrical window 249 
Wolff, Louis 14 
Wolff—Parkinson—White (WPW) 
pre-excitation 203, 203-12, 272 
arrhythmias and see Wolff-Parkinson— 
White syndrome 
associated with conditions 210 
ischemic heart disease 210, 272 
concept and mechanism 203 


confirming or excluding 210-11 
differential diagnosis 210 

left BBB 180, 206, 210 
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RV enlargement/hypertrophy 
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ECG characteristics 203-10 
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Wolff-Parkinson—White (WPW) syndrome 203, 
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